REMARKS 

Claims 1 2 4 5, 7-16, 18, 19, and 21-28 were pending in the application. Claims 
,8 20 and 21 have been amended. Thus, upon entry of .his Amendment, elaims 1, 2, 4, 
5, 7-15, 18, 19, and 21-28 are pending in the application. Claims 18, 20, and 21 have 
been amended to change claim dependency. 

No new matter has been added. Applicants request that the amendments to the 
specification and claims be entered. Amendment of the claims should in no way be 
construed as an acqu.escence to any of the Examiner's rejections and was done solely .0 
more particularly point out and d.stinctly claim Applicants' tnvention in order to expedite 
the prosecution of the application. Applicants reserve the right ,0 pursue the claims as 
originally filed in this or a separate application(s). 

FaUureoflnfo^^ 

™?he Examiner states that the information disclosure statement (IDS) filed on Dec. 
,3 1999 fails to comply with 37 CFR 1 .97(c) because it lacks a statement as specified in 
37 CFR 1 .97(e). The Examiner also states that this IDS fails to comply with 37 CFR 
1 98(a)(2) which requires a legible copy of the references submitted. 

The publications referred to in the response filed on Dec. .3. 1999 were submmed 
previously in the IDS filed on August 23, 1999, and were not intended to be submitted as 
a supplemental IDS. PTO Forms 1449 submitted in the response filed on Dec. 1 3, 1999 
were copies of IDS forms filed on August 23. 1999. Applicants respectfully request that 
the Examiner withdraw this rejection in view of the IDS that was filed previously in this 
application. 



Claim Objections . 
4 5 7-11, 13-16, 18,19,and21-28 and claiml2havebeenrejected 

for encompassing a non-elected invention. Claims 1, 2, 4, 5, 7-11, 13-16, 18, 19, and 21- 
28 are directed to a non-human transgenic organism. Claim 12 depends from claim 1 and 
specifies an organism which is a plant. Claim 12 is a species of genus claim 1 , and 
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therefore is encompassed by the scope of the clataed invention. Inv,ewofU,e 
C„t,n„eaProsecut,o„AppUca.lon,hatwasf,,eaon,u,,5,2002,App..can,ssu.^^^^^^ 

:ttHecurrent„pena,n.c.a.n,sareinoraerforexan,.nai,on. .p,,ca„.s respect, 
request*, the Exan,iner.sreiec.,onre,ara.ns,hec,aims in the pare„.appl,ca.,o„ be 



withdrawn. 



h^ve been rejected under 35 U.S.C. §112. t.rst 
paragraph. The Ex»,inersta.es.hat,hespec,f,cat,on,se„abi:n,foratranssen^^ 
but that i. fans to provide enablemen. for other types of transgentc a.™als. 
Examiner states that 

^^^^^^^^ 

The Exarr-tner further stares .hat ,heHan,r„er../.referenceshows/^..ha.ra,^d™^^^^^^ 

,d„otshowthesa.epheno.ypeus.„.rbesanrc.rans.eneand.his,s*e^^^^^^^^^^^ 
issue tharsanretransgene does no. produce same phenotype,nt«od,fferen,spec,es. 

ADDlicants respectfully traverse this rejection. 

App,icl.s.nve„,,onisdirec.cd.oano„-human.ransgenicorgan,snrhav,„ga 

trans.enclpr,s.n,apolynuc,eo..de sequence e„cod.n.afusionpro.ein«,c^^ 
:„s!rip.ionineu.ary„.ic cells, .he fusion pro,eincomprisin,afirs.polypep.,dewh.ch 

,s a Tc, repressor or mura.ed Te. repressor .ha. b.nds .0 a ,e, operator sequence, 
Tera vel nn.ed.oahe.er„l„,ous second po,ypep..dewh.chi„hib..s.ra„scn^^^^^ 
eukaryo,iccells.Applican.s'inven.,onalsoencompassesa„on-human.ranssen,c 

aLhav,n.a.ra„s.eneco.pHsin.apo.ynucle„.ide sequence e„cod.n.af.^^^ 
pr.ei„whichinh,b..s.ranscrip.ionmeuRaryo.iccel.s,.hefus,onproe,ncompnsna 
Lpolypep.ide which isaTe.repressororamu.a.edTe.repressor .ha. b,nds.oa,e, 



operator sequence, operauvely linked .0 a heterologous second polypeptrde wh.ch 
,„hib,.s transcription in eukarroticceUs, wherein thetransgene is integrated by a.a 

predetermined location within a chromosome with.n cells of the organtsm. 

The claimed invention also tncludes a transgenic organism having a transgene 
.ntegrated into the genomeoftheorganism and also havtnga., operator-linked genem 

rnecnomeoftheorganism, wherein the transgene comprtsesatranscnpuonalregulatory 
elementfunctionaUncellsoftheorganismoperattvelylinkedtoapolynucleoUde 
.,ue„ceencodmga.s,onpro.em Which inh.Ustranscript,onof said., operator^^^^ 
,ene, the ft-ston protein compnsesaf.rstpolypept,de that isaTe.repressor,or mutated 
let repressor)operably linked toaheterologous second polypeptide wh,ch,nh,bs 

,™sc -ption of said opera.or-linked gene in eucaryotic cells, the operator-l.nk^ 
,eneconfersade.ectab,e and functional phenotype on theorganism when expresedtn 

cellsofthe organism, the transgene is expressed incellsofthc organism ata eve, 

sumcient to produce amoums of said fusion protein that are sufficient to ,nh,b, 
„anscnptionof.he,«opera.or.l,nkedgene.andintheabsence(orpresencc,of 
.etracychneoratctracychne analogue in theorganism. the ft,s,onprotemb,nds to the, 

operaLinked gene and inhtb.ts transcription of the operator linked gene wherem the 
llofcxprcsstonofthC. operator-linked gene can be upregulated by adm,„,ster,ng 

tetracycline or a tetracycline analogue to the organism. 

Evidence that the specificatton is enabled for transgenic organtsms other than 
„ansgenicm.ce possessing the Tet-basedtranscnptiona, regulatory system system. ,s 

pJedbyreferenccsrecoun.,ngthepraeticcofthedescr,bedmvent,onbyt— 

„ the art. including Bello e, (1998, D... ,25:2,93-2202; B.eschke, ^ ,998, Mo 
LG.„,258:57,-579;Melfi.,./.(2000).mm 304(5,..753-763;R.dgway,.. 

;000,...C.O«-256a,:392-399;Weinmann,P.(1994,....5:55.5.9.^^^^^ 

asAppenLA.B.C.D,andErespectively,.Appl.cantspointouttha.We,mnann. 

shares authorship with some of the inventors in the instant paten, apphcatton. 
.eferences use substantiallythe same methods as those described ,n the tnstant 

application, and thus demonstrate that the specificatton enables one of ordtnary sk.ll m 

the art to practice the claimed invention. 



The above-mentioned references describe different .ransgenic organrsms (or 
„,ga„isn,scon,ai„ingtransge„es,n.hecaseofMe,f,W«/.andRidgway.«;.)..ndudrng 

0™.op.,/a,*™... sea urchins, and plants. wh,chcon.a,„bo.haf,rs..ra.gene 

encoding .he .errac,e,i„e-con.ro,,ab,e,ranscrip.iona.ac.iva.orandasecond.ransge. 

con.aininga,e,opera.or-.,n.edgene. ,n a,, of the references, exciud.ng Buschke . 
.e.TAusedisafus,onpro,e.nof,heTe.repressor(anrinoacids,.207, fused, fra.e.0 

an^no acids 363-490 of the VP,6 act,va„on don,a.n. Bieschke "-"^A where 
.he fusion pro.e,n consists of the ntutant Tet repressor fused ,n f«.e to the V 6 
ac.ivat,on domain. These fusion proteins are identical to the tTA and rtTA (or ) 
molecules described throughout the specificat.on. Both the tTA and nTA cod.ng 
.e,uenceswereexcisedfro.p.asn,idpUHD,5-. a„dpUHD.72-. respecuve,^ 
(dlcribedin Examples. and2at page 54,nnes.,-26andpage55, hues 29-33 ofthe 

specification,, and inserted into the appropriate vector for transgenic organ.srn 
construc.,on,us,ng standard ntethods, vectors, and other reagents Known ,n,hea,^.2e 
.,operator-,iniced gene iscontroiled by seven tanden„.opera.orse,uencesups,rea.^of 
aTATA^ox,>nanofthereferences(wi,htheexcept,onofMe,fi«./.).hetet-operator 

pUHC, 3-3 (described ,n Exatnpie 2, lines 6-7, and rnserted into the appropriate vector 
or transgelorgan,sn,cons.ruction,us.„gstandard methods, vectors, and otherreagents 

,„own in the art. Melf, . al. uses related plasntid pUHD,0-3, which also conta.ns 
heptanterizedtetoperator. ^-n that , he claimed Tet-basedtranscnp^nal .^^^^^^ 
s, ten, can function in plants, mice, Xenop.s. DrosopM,a. and sea urchrns al, of wh ch 
a e Phylogenetically diverse organ.snts, ,t should be expected, and in fact ,s proven b. the 
Lve-menuoned references, that the cla.med Te.-based transcriptrona, regulator, system 
can function in other organisms as well. 

The re..rences describe transgenic organisms which contain a transgene for a Te, 
repressor fused to a transcriptional activator, and are representative of transgenic 
rms-contamaTetrepressorfusedtoa.ranscrip.ionannh,bi.or.Thetechn,,t.^^ 

Which are used to generate transgemc organisms descnbed m these references can al be 
applied to creatmgtransgenicorganismscontammgaTet-basedtranscnpuonal regulator 
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system «hich is used to inhibit transcription of a ,e, operator-linked gene, as those 
claimed in the instant invention. . , . ■ 

Apphcants submit that Hammer ai do not teach or suggest that the phenotyp.c 
difference between rats and mice contatning a B27 transgcnc is due to d,fferent,al 
expression or activity of the B27 transgene in these animals. Applicants' clatmcd 
mvention ,s directed ,o a Tet-based transcriptional regulatory system and is no, dependent 
upon a phenotype that might result from the use of the claimed system. Furthermore the 

references dcscnbed above clearly demonstrate that the claimed tnvention can be used 

successfully in transgenic organisms other than mice. 

,n order ,o meet the enablement requirement, it is not necessary that a patent 

spec,f,cation include specific examplesofeverydifferentembodiment encompassed by 

the claims. Moreover, the fact that some experimentation may be necessao- to produce 
transgenic organisms which contain a Tet-based transcriptional regulatory system, does 
not constitute a lack of enablement as long as the amount of experimentatton ts not 
„„dulycx,ens,ve. Mc. v. C,u,a^P,ar.a.uUcalCo. .,..,927F.2d 1200, . 13 

(CAFC 1991) A considerable amount of experimentation is permissible ,f « ts merely 
rout,ne,orifthe specification provtdesareasonableamountofguidancew.™ 

,he direction in which the experimentat.on should proceed. M re Wands 8 USPQ2d 
,400-1407 1404 (CAFC, 1988). In the tnstant case, ,n view of the gu.dance prov.de by 
the specification, Applicants haveenabledcla,msl-n,13-26.and27-28.Accord,ng^, 

Applicants respectfully re,uest that the reject.on of claims Ml, 13-26, and 27-28 under 
35 U.S. C. §1 12, first paragraph, be withdrawn. 



RgectionofClaims^ 

:lua — upona,.ee.e„.a„aaccep™ceof*ec^^^^^ 
application by the Examiner. 



CONCLUSION 

,„ vie« of ,he foregoing remarks, reconsiderauon of the rejections and allowance 
of all pending claims is respectfully requested. 

Ifatelephone conversation with Applicants' anomey would exped, the 
prosecutionoftheabove.idcntifiedapp.icatio„,theexaminer is urged tocallAppLcants 

attorney at .tl7) 227-7400. 

Respectfully submitted, 
LAHIVE&COCKFIELD, LLP 



28 State Street 
Boston, MA 02109 
(617) 227-7400 
Date:_August_8,^002_ 




^/5iSXDe€KJr-, Esq. 
Reg. No. 31,503 
Attorney for Applicants 
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VERSION 



WITH MARKINGS TO SHOW CHANGES MADE 



18. (Amended) The organism of claim 16 wherein the first polypeptide composes 
an amino acid sequence shown in SEQ ID NO: 17. 



19 (Amended) The orgamsm of claim 16 wherein the first polypeptide of the fusion 
protein is a mutated Tet repressor that binds to fet operator sequences in the presence but 
not the absence of tetracycline or a tetracycline analogue. 



21 (Amended) The organism of claim 19 2a, wherein the mutated Tet repressor has at 
least one amino acid substitution compared to a wild-type Tet repressor. 
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SUMMARY 

In order to evaluate the efficiency of the tetracycline- 
reeulated gene expression system in Drosophila, we have 
generated transgenic lines expressing a teU-acychne- 
controlled transactivator protein (tTA), with specific 
expression patterns during embryonic and larval 
development. These lines were used to direct expression of 
a /TA-responsive promoter fused to the coding region of 
either the p-galactosidase or the homeotic protein 
Antennapedia (ANTP), under various conditions of 
tetracycline treatment. We found that expression of |J- 
galactosidase can be efficiently inhibited in embi^os and 
larvae with tetracycline provided in the food, and that a 
simple removal of the larvae from tetracycline exposure 
results in the induction of the enzyme in a time- and 
concentration-dependent manner. Similar treatments can 



be used to prevent the lethality associated with the ectopic 
expression of ANTP in embryos and, subsequently, to 
control the timing of expression of the homeoprotein ANTP 
specifically in the antennal imaginal disc. 

Our results show that the expression of a gene placed 
under the control of a tetracycline-responsive promoter can 
be tightly controlled, both spatially by the regulatory 
sequences driving the expression of tTA and temporaUy by 
tetracycline. This provides the basis of a versatile binary 
system for controlling gene expression in Drosophila, with 
an additional level of regulation as compared to the general 
method using the yeast transcription factor GAL4. 

Key words: Tetracycline, Gene expression, Drosophila, 
Antennapedia 



INTRODUCTION 

An essential and general experimental approach to analyse the 
function of a gene in a whole organism is to examine the 
phenotypic consequences of its directed expression m certain 
cells or at a developmental stage, in which the gene is 
nomlally silent. In Drosophila, two major systems have been 
designed to achieve the conditional expression of gene 
constructs integrated into the genome. In the first, the coding 
sequence of the gene of interest is placed under the control of 
promoters inducible according to the culture conditions. The 
hsp70 gene promoter is commonly use for that purpose (see 
Schneuwly et al., 1987 and references therein). High levis vn 
induction can be obtained at well-defined time periods (J uing 
development upon exposure of the organism to elevaieU 
temperatures. This advantage is often limited because ectopic 
expression occurs in all cells and endogenous genes are 
repressed during heat shocks. Consequently side defects 
induding lethality may mask the result o the ectopic 
expression in the desired cell type(s). It is also frequently 
necessary to repeat heat shocks over an extended time penod 
to observe the phenotypic consequences, and it may be ditticult 
to distinguish between the primary and secondary effects of the 
overexpression (e.g. Gibson and Gehring, 1988). 



An alternative approach is to engineer a gene construct 
inducible by a single transcription factor whose activity can be 
controlled in vivo. The ability of the yeast transcnption factor 
GAL4 to activate transcription in Drosophila (Fisher et al., 
1988) has been exploited to generate a versatile method for 
targeting gene expression in this organism (Brand and 
Perrimon, 1993). Any gene of interest can be placed under the 
control of a promoter containing GAL4 upstream activating 
sequences (UAS) and integrated stably into the genome of a 
parental line (responder sU-ain), since it remains silent in the 
absence of GAL4. Tissue-specific expression of the gene is 
obtained upon crossing to a second parental line (driver str^n) 
expressing the transcription factor under the control ot a 
suitable promoter. Although a large number of strains 
expressing GAL4 in a wide variety of patterns can be selected 
on the basis of the expression of a reporter gene bearing the 
UAS sequences (Brand and Perrimon, 1993; Yeh et al., 1995; 
Calleia et al., 1996), only a few of them have been used to 
direct expression of functional proteins in the post-embryonic 
stages of development (Brand and Perrimon, 1993; Capdevila 

and Guerrero, 1994; Hinz et al., 1994; Speicher et al., 1994; 

Rimmington et al., 1994; Ferver et al., 1995, Haider et a .. 

1995- Zink and Paro, 1995; Freeman, 1996; Morimura et al., 

1996). The limit in this binary system lies in the lack of 
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temporal control, which remains primarily determined by the 
regulatory sequences driving GAL4. Because most of the gene- 
siKcific enhancers are active at various stages of development 
ir Drosophila, GAL4-mediated induction is frequently 
observed from the embryonic stage onwards, and often results 
in premature lethality (e.g. Haider et al., 1995). To overcome 
this difficulty, Flp-mediated recombinauon has been used to 
achieve conditional expression of a transgene upon 
recombination of an FRT cassette separating the coding region 
from a promoter (Striihl and Easier, 1993). This approach can 
be used to control the expression of GAL4 (Pignoni and 
ZiDursky 1997). In any case it requires the combination ot 
various s'pecific constructs and it can be applied only to tissues 
in which cell division occurs, since it results in the generation 
of clones of expressing cells. 

Extension of the more versatile binary system for post- 
embryonic studies could be achieved with the use ot a 
regulatory protein modulated in the organism with an 
innocuous effector. One of the best candidates is the 
tetracycline-dependent transactivator (tTA) compnsing the 
tetracycline repressor of E. coli {tetR) and the strong 
transcriptional activation domain of the herpes simplex vu^s 
protein VP16 (Gossen and Bujard, 1992). The high affinity and 
specific binding of tetR to the tetracycline operator sequences 
(Zo) can be inhibited by tetracycline (Hillen and Wissmann, 
1989) and is thought to result from a conformational change 
of tetR upon association with tetracycline (Hmnchs et al., 
1994) In HeLa cells, tTA was found to stimulate u-anscnption 
of a promoter bearing a multimerized tetO by several orders of 
magnitude, and a fast and reversible switch of the tTA- 
dependent promoter was obtained upon addition or removal of 
tetracycline from the culture medium (Gossen and Bujard, 
1992) These features have been extensively exploited in tissue 
culture where tetracycline levels can be tightly controlled. 
Tetracycline-regulated expression of reporter genes was also 
demonstrated in whole plants (Weinmann et al., 1994) and in 
transgenic mice (Hennighausen et al., 1995; Kistner et al., 
1996) In the latter case, the efficiency of tetracycline, 
administrated by slow-release tetracycline pellets or in 
drinking water, has been mostly evaluated by analysing the 
expression of sensitive reporter genes, although a few examples 
of successful expression of proteins have been reported (see 
Shockett and Schatz, 1996 for a review). 

In this study we determined the functional properties of tTA 
in Drosophila by expressing this regulatory protein under the 
control of various promoters. Using a lacZ reporter gene placed 
under the control of a promoter bearing seven copies of tetO, 
we found that expression of p-galactosidase can be tightly 
controlled in embryos and larval tissues. Furthermore, we used 
/TA-expressing strains and tetracycline treatments to drive 
tissue-specific ectopic expression of the homeoprote.n 
Antennapedia (Antp) at different stages of development. Our 
results demonstrate the usefulness of the tet system in 
Drosophila. 



MATERIALS AND METHODS 



DNA constructs 

Most of the constructs > 



I assembled by multiple step cloning 



according to standard methods (Sambrook et al., 1989). Further details 
and maps are available upon request. 

tTA driver constructs 

hsp70-tTA „ „, 

The iTA coding region was isolated as a 1.1 kb EcoRI-BomHI 
fragment from pUHD 15-1 (Gossen and Bujard, 1992) and cloned into 
CaSpeR-hs (Thummel and Pirrotta, 1992) 
RHT {rosy, hsp70 promoter. tTA) 

This P element vector derives from the enhancer-test vector HZ5UPL 
(Hiromi et al., 1985). The tTA coding region is flanked by the mm.mal 
promoter and the poly(A) sequences of hsp70 (Fig. lA). 

ey-tTA and HoxA7-tTA 

The eyeless (ey) gene enhancer (a 3.5 kb Kpnl togment from <y Bco 
3 6) (B. Hanck, T Eggert, W. J. Gehnng ^nd U^™"^; 
unpublished) and a 630 bp fragment of the intron of the //oxA7 gene 
from pB6 (Haerry and Gehring, 1996) were cloned in RHT to give 
ey-tTA and HoxA7-tTA, respectively. 
Tetracycline-responder constructs 
tetO-lacZ 

The heptameric repeat of the tet operator was isolated as a 3 0 bp 
EcoRl Kpnl fragment from pUHC 13-3 (Gossen and Bujard 1992 
and cloned upstTeam of the P-lacZ fusion of the enhancer-test vecto 
CPLZ (Wharton and Crews, 1993). CPLZ contains f P-elemen 
transposase promoter (up to -42 from the cap site) and the N-temunal 
transposase sequence fused in-frame with lacZ and the 
polyadenylation signal of hsp70. 
WTP (white-fefOP promoter) 

This P-element vector was constnicted to express any gene under the 
control of a letracycline-responsive promoter. It contains the vector 
backbone of CPLZ, the heptameric repeat of the tet oP^^^tor the P_ 
element promoter and leader sequences from Cameg^ 4 (Rubin and 
Spradling, 1983) and the polyadenylation signal of SV4U. 

tetO-Antp and tetO-AntpAHD 

The cDNAs encoding a full-length ANTP protein or a vanant with a 
deletion of the homeodomain were isolated as Notl flagmen's from 
pHSSAA and pNHT-All, respectively (Gibson et al., 1990) and 
cloned into die corresponding site of WTR 
Germllne transformation and Drosophila s^a'^s 
P-element mediated transformation of ry^06 ory acw^"' recipient 
strains was carried out essentially as descnbed (Spradling 1986). A 
description of the markers and balancer <=hf°'"°f°"^^//f;'f f 
Figs 3 and 4 can be found in Lindsley and Z.mm (1996). A405. M2 
and rK781 have been described (Wagner-Bemholz et al., 1991. 
Flister, 1991). 

Tetracycline media and treatments 

A tetracycline-containing medium suitable for larval feeding and 
maintenance of adults was obtained by mixing 100 ml of tetracycline 
solution (tetracycline hydrochloride (Sigma) diluted with stenle water 
at the required concentration). 25 g of Instant Dn,soph,la Food 
(Carolina Biological Supply) and 1 g of dry yeast. 

Tetracycline was provided to adult females by placing 50-70 v.rgms 
in a glass vial containing a 2.5 cm filter (Whatman grade 3 MM 
soaked with 500 nl of a 4% sucrose solution with tetracycline at the 
appropriate dilution. Females were fed for 3-4 days, ^ol^o^"^^-^^ 
cycle of 16 hours on tetracycline-contaming filters and 4 hours on 
standard food supplemented wiOi a drop of yeast paste. Males of the 
relevant genotype were placed with females on tetracycline mid 
aUowed to r^ate Semight before die beginning of egg collecuons. For 



experiments requiring larval feeding, batches of 100-200 eggs 
ha?JesIS from grape juice plates were placed on p.eces of nylon 
S Si MoJd trdevelop at IS'C on telracycline-contaimng food. 
Wht neceta^! larvae wer^ separated from their food by floaung m 
30% glycerol, collected with Creeps washed w.th PBS and 
transferred on standard food in groups of 50 to 100. 
Phenotypic analyses 

Embryos L larval tissues were fixed and stained for P'gal^f 
TSIZ (Bellen et al.. 1989). Adult heads were separated torn 
Se Sy^narcotised fl.es and holes were made mto the cut.cle to 
facilitate penetration of the fixative. For 
antibody staining of embryos and 
examination of cuticular phenotypes 
standard procedures were applied 
(Ashbumer, 1989). 



RESULTS 

We have designed a general system 
to express tTA under the control of 
regulatory sequences (RHT driver 
construct), in order to direct the 
expression of a gene of interest under 
the regulation of a tetracycline- 
responsive promoter (WTP 
responder consUiict). The gene 
constructs can be stably propagated 
into the genome of separate strains, 
and frA-dependent gene induction is 
obtained in the Fi offspring of the 
cross where it can be controlled by 
tetracycline (Fig. lA). 

tTA is a potent transactivator 
in Drosophila 

In order to analyse the 
transactivation potential of tTA, we 
have used an indirect heat shock 
assay to drive ubiquitous expression 
of Antp in embryos. Heat shock 
assays were performed on embryos 
carrying tTA under the control of the 
hsp70 gene promoter (hspJO-tTA) 
and a WTP derivative carrying a full- 
length Antp cDNA {tetO-Antp). 
Independent u-ansformants were 
found to give an identical embryonic 
phenotype to the H4 line that cames 
a direct hsp70-Antp construct (Fig. 
IB; see also Gibson and Gehring, 
1988 for a complete description of 
the H4 line). In contrast, heat- 
shocked embryos carrying a WTP 
derivative with a deletion of the 
homeodomain (fefO-AwfpAHD) or 
the empty WTP vector {tetO-) 
showed a wild-type cuticle and 
developed to the adult stage (Fig. IB 
and data not shown). A western blot 
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heat-shocked embryos and probed with an ANTP-specific 
L'iilonal antibody (Condie et al.. 1991) re-als stmdar 
levels of ANTP expression (Fig. IC). In addition 
transformation of the adult antenna into 
can be obtained when heat shocks are applied to third instar 
larvae (Gibson and Gehring, 1988; D. Resendez-Perez B 
Bello and W J. Gehring, unpublished). Taken together^ these 
results show that tTA can activate transcnption «f P'-°'"°J^^ 
that contains tetO sequences without any toxic effect of this 
regulatory protein in Drosophila. 




and data not snown;. ».v,.,.v.. ^ — - r 

of embryonic extracts prepared from Antp (lanes 4-6) 



ANTPAHD 



Fig. 1. Transgenic consUucts and the transacUvaUon PO-^^^^J,'?^^^^^ 
representation of the tetracycline-inducible elements and 

and WTP are, respectively, designed to express tTA ""^^^^^^t'^l^^^^^.o sequences. Derived 
any cDNA under the regulation of a f -"JJJ^'^Xe Tl^^^^^^^^ of tetracycline 

consmicts are integrated and propagated in f P^^J^ /^"^ spatial and temporal 
(-TO, the binding of tTA results m the acuvauon of gene ™ "^^f^jy ^ng on aVetracycline- 
pecificities detemiined by the driver '^'^^'^'^'fj^'^^^^.^STM responder construct 
crntaming medium is used ^^J^ff'tttte; S^^^^^ ^'^^ ^-^P^"**^ 

silent up to a certain point of time (off ^ta^). S^'Jg > ,^ preparations of embryos heat 
induction of gene X upon withdrawal of the antib^tic (B P P ^ 

Tl, T2, T3: first, second and third thoracic seg'"«"'^,^'Pf'"7£^;3i_';ked for 2 hours with a 4 
proteins by western blot analysis in cnide f ^^^J ^^S- hsp70-tTA and 




„ W >6 10« 13 

Larral shift; O-lng/ml to normal food 
(hours alter cgs dcposttloo) 



Larralstnge 



a comparable staining intensity in .magma discs isolated fmm 
larvae exposed to tetracycline and control larvae. These da^ 
show thalthe withdrawal of the larvae from tetracychne is 



Fig. 4. Inhibition of fTA-dependent 
gene expression in embryos by 
maternal transmission of 
tetracycline. (A) Repression of the 
lacZ reporter driven by the 205 
strain, shown at the bottom by 
immunodetection of p-galactosidase. 
Embryos coUected over successive 
12 hour periods following the 
feeding of 205/SMl females with 
tetracycline, were stained for P-gal 
activity. At least 100 embryos older 
than the germ band extended stage 
(stage 1 1) were scored at every time 
point 50% of transheterozygotes 
were expected in the offspring of 
the cross indicated at the top. 
(B) Tetracycline-dependent rescue of 
embryonic lethality by repression of 
the tetO-Antp transgene. Embryos 
collected over 12 hour periods after 
feeding of their mothers with 
tetracycline were allowed to develop 
at 25°C and the percentage of 
hatching larvae determined. At least 
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Fig. 3. Inducuon of Aniennapedia in the eye imaginal di^^ by "J^^"^ 
of tetracycline. CTop) Eyes of adult flies raised m abseiice (-Tc) or m 
the oresence of 0. 1 \ig/m\ tetracycline (Tc) in the larval food. 
(Bottom) Semi-quantification of the eye phenotype in adults derived 
Sarvae rai2d widi 0. 1 Hg/ml tetracycline and shifted to standard 
food at 12 hour intervals. At least 50 adults were scored at evep' time 
pZx. Larval stages were identified on the basis of the morphology of 
the tracheal syste m and the anterior spiracles. 

followed by a rapid induction of the tetO-lacZ transgene under 
the control of tTA. The concentration- and time-dependent 
expression of lacZ is likely to reflect the need to lower the 
concentration of tetracycline in the disc ce^ls below a cerm.n 
threshold level, which allows iTA to bind the tet operator and 
to stimulate transcription of the promoter. A careft.1 
examination of the staining patterns also ^"gg^J^ 
tetO-lacZ transgene was not turned on in every cell at the same 
tL after withdrawal of tetracycline (Fig. 2A). To confirm Ous 
observation, we performed larval shifts dunng the s^^^f^f 
of the third instar. when expression of tTA ""'f 
posterior part of the eye disc. Upon removal of the larvae from 
O.l ^g/ml tetracycline, induction of can clearly be 
observed in a gradually increasing number of cells (Fig. 2B). 
Similar observations were obtained with different tlA- 
expressing strains, suggesting variations in the kinetics o the 
clearance of the antibiotic and/or the trancnptional activation. 

Tetracycline-controlled expression of Aniennapedia 
targeted to the eye disc 

To determine the relevance of the data obtained with the /«cZ 
reporter gene we used the same driver strain to direct 
SSession of Antp under various conditions of tetracycline 
ueatment In the absence of tetracycline, adults obtained from 
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a cross bel^vec^ the parental ey-tTA and '^'^'^"'P^^^"^ 
showed reduced and irregular co'^P?""^,^^"^^^ 
Since Antp is normally not expressed in the eye disc (Wirz ei 
Tmli its expression in this tissue would 'nterfere by 
unicnown mechanisms with the normal development of the eye^ 
morphological defects could be ^etecf - aduUs^^^ n 
agreement with the eye-specific expression of '^'^ /•^tectea 
trrLcZ reported. To ascertain that the eye pheno^I^ 
rP«.Ued from the ectopic expression of Antp in the eye disc, 
rrlsJ"a?;aeonam'edium'containingteU^^^^ 
concentrations. Hie eyes were restored to a w.W.ty^ 
annearance with 0.1 Ug/ml tetracyclme (Fig. 3, top) but not 
'JISTJ?, J*.«rac'yfu„e. in good agree^en, wi^ *e dose- 
deoendent repression of the lacZ reporter (Hg. ZAj. 

M indS with the lacZ reporter, the directed expression 
of by the ey-tTA strain should occur continuously 

louXut larval development and shift rapidly dunng the 
Xn the ceUs undergo differentiation. We used 
ine to control the timing of Antp overexpression m 
orSo determine the functional significance o this dynamic 
pattern of expression, with respect to the alterauon ofjhe eye 
Sevelopment. Newly hatched larvae ^^'^ ^^f, f J/^d 
Mg/ml to inhibit tTA activity and then transferred to a standard 
medium every 12 hours to induce Antp. Adults were scored for 
Te deTecl^nd classified according to an arbitrary scale of 
sLg inSr^ediate, weak or no detectable eye phenotype 
S 3 iottom). All the adults derived from larvae exposed 
^.ScycUne up to the second instar showed strong eye defects 
n a range indistinguishable from their siblings raised in 
abs ncToTteLycline. In contrast, subsequent sh.f,. al owing 
fiction of Anrp from the early third 'nsmr onward ed rapidly 

^^^firreSv^^^^^^^^ 

Sc^ofSSntudsuggesttJatt^^^^^^^^^^^ 
nornial eye development is mostly dependent on *e f^^'op.c 
™ssion of Antp in the undifferentiated cells of the eye 
epithelium 



RPDression of fTA-dependent gene expression in 
Kos by maternal transmission of tetracycline 

The embryonic development of Drosophila \s not easily 
I^enaSeTo antibiotic treatment since the egg is pr^ec^d by 
Timpermeable set of eggshells but it is relatively fast (22-24 
Z^^^yC) and maternal components are transmitted to the 
S^vte by the nurse cells and the follicle cells m the female 
The influence of tetracycline given to the parental 
Ses ^1 £1^6 on the sLng lacZ expression driven 
by tS'onstnict of the line 205 (Fig. 4A). This driver hne 
205 was isolated among twelve -dependent transfor^^^^^^^^ 
the HoxA7-tTA construct (see Matenals and Methods) because 
of i^ imique expression pattern obsei^ed in the antennal disc 
?Fig 5) the leg discs, the central nervous system, the epidenni 
fnd vLus inlmal tissues (not shown). Since *e o^h- hne 
showed a reproducible pattern the^V^ d.s': ine 2^?? 
hrain due to the HoxA7 enhancer (not shown), the line 2U5 is 
UkeTy to r fleet a modified expression of the transgene under 
he influence of genomic regulatory sequences flanking the 
m:e;Ssite(vfilsonetal..l990).Whena^^^^^^^^ 
with the lacZ reporter gene, expression of rTA in *e 205 strain 
.tarts at the end of genn band extension, about 5 hours alter 
eS^aying (I^L), and is detected mostly in the trunk region 



with a segmentally repeated pattern (Fig. 4A, bottom). This 
na te,^. changes rapidly, so that at the end of germ band 
?eSon (approximately 10 hours AEL), strong expression is 
deS all over the ectodertn. The staining aPPe- pat^^^^^^^^^ 
the cephalic segments and is not ""•^'""'y/'f^^'^"^^ '""^^^ 
thoracic and abdominal segments (Fig. 4A, bottom). After 
Sment of the females with tetracycline (see Matena s and 
MeSs), repression of the lacZ reporter is mostly effective in 
O^e eggs collected immediately after the end of exposure to the 
Stic and is dose-dependent (Fig. 4A, top). Repression was 
TbtaineTin 100% of the eggs collected within 12 hours aft_er 
iTeatment of the females with XOO « J^^^ 
antibiotic, and in a large fraction of them with ^^J^^^^^ 
gradual loss of repression observed in the eggs collected ater 
fs Tkely to reflect a decrease of the maternal pool of 
tetracTchne accompanying the continuous production o eggs^ 
t£ same procedure of tetracycline treatments was testedfo 
its effect on the survival rate of embryos carrying the driver 
consS 205 and either a tetO-Antp, or an empty responder 
cons^ct (ferO-), as control (Fig. 4B). Examination of the 
emb^or^ic cuticles revealed major defects in the fo— of 
thTh^ad (Fig 4B, bottom), a phenotype reminiscent of heat- 
hocked mbryos in which Antp was ubiquitously expressed 
Fif IB), although no homeotic segmental transformations 
w fe observed. This might reflect a different level of induction 
Tf Anrp as compared to the use of a heat shock promoter but 
k is morriikely to be due to a difference in the timing and the 
VatidTx^rSion of the homeoprotein. since tr^f ^^ s 
obtained by heat shocks are optima^when '"d"ced J 5^^X^ 
of develooment (Fig. IB, see also Gibson and Gehnng, 1988) 
a a sSe Xen he 205 driver is mostly active in the trunk and 
t no ubiquitously expressed (Fig. 4A, bottom). Nevertheless^ 
ne 205 'allowed us to test the effect of te^racyc me on ^ 
survival rate of the embryos and, as shown F'g" ^B'^^^^^ 
embryonic lethality could be overcome 'Y/lmaS^^^ ThI 
manner by providing tetracycline to the females, the 
Tbryonic'escue was in good agreement with the tetracyclm^^ 
medbted repression of the tetO-lacZ transgene (Fig. 4)^ The e 
Zo independent assays clearly demonstrate the poss* 1 ^^^^ 
inactivate flA in embryos in order to keep a promoter silent 
during this stage of development. 



Targeted mis-expression of Antp in larvae following 
embryonic rescue 

The efficient inactivation of tTA in embryos P^on^Hed us o 
analyse the fate of tetracycline-rescued embryos more detail 
As expected embryos did not develop to the adult stage in the 
Lro? t;tracy?.ine in the larval food, whe-^^^^^^^^^ o 
tetracvcline led to the recovery of viable adults m a 
conSnt^lt on dependent manner ^^he quaruitative data are 

srtLr=oft^h.tsperfo^^^ 

mewmorphosis. Examination of the adults revealed very 
Tf^cSorphological modifications of the anten"- -d^^^^^ 
hVad vertex (Fig. 5K-M), in the area expressmg the /acZ 
reporter under the regulation of the 205 dnver (Fig- 5E^ 
GMn contrast, transheterozygotes raised continuously with 0 
Ug/ml tetracycline showed wild-type structures (Fig. 5H-]), 



demonstrating the highly specific alterations in he 
development of adult flies following the n^s-d.rected 
exoression of Antp by the 205 line. As revealed with the lacZ 
eS expression of ,TA follows a dynamic spatial patten, m 
^pliordl of the antenna from the mid-third instaron^^^^^^ 
fFie 5A-D) and in the presumptive area of the occelli from the 
Kpupa transition onward (Fig. 5C,D). Moreover, the lag 
nducUon imposed by the removal o the larvae from 
tetracycline exposure suggests that the alterauons of adult 
stnictures mostly result from the ^'^^"P''^ "Plf 1,^^ 
during the pupal stage. No defects were found in the leg o 
the palps where the 205 driver is also strongly expressed (no 
shown) in agreement with previous observations showing that 
only the derivatives of the eye-antennal disc respond to the 
uEiquitous expression of Amp induced by heat shock (Gibson 
^i'cehring, 1988). These latter studies showed that repeated 
Dulses of heat-shock expression are required during the th rd 
larval instar to achieve complete antenna to leg 
transformations. Our results confirm previous observations 
SVnr^at the late larval induction of Antp does not induce 
fully differentiated morphological markers of the leg (Scanga 
et al 1995; Larsen et al., 1996). Although we observe different 
arrangements of bristles on the antenna, none of them showed 
the bracts characteristic for leg bristles. 
Directed expression of Antp in the antennal disc by 
tTA activates rK781 

Since the observation of adult phenotype required late l^a 
shifts we asked whether the consequences of fTA-dependen 
expre'ssion of Antp could be directly assayed in th«nal 
discs As a marker, we used the enhancer detector line rK781, 
wShwasiTolated^nascreenforA^rp-regulated genes 

basis of their response to the overexpression of the AN IF 
hot^eoprotein in the eye-antennal disc (Wagner-Bemholz et a 
1991) We combined driver, responder and test constructs in 
larvae exposed them to tetracycline treatment and assayed |i- 
gXtosid'ase expression in wandering third >nstar larva- 
When raised continuously with 10 ^tg/ml tetracychne. the 
normal pattern of rK781 expression was detected in all the 
Siscs (not shown) and in a few cells of the anterjna disc O'.g. 
6 left) as previously described (Wagner-Bemholzetal.. 1991 
Fl ste ' 1991). When dissected from larvae that were removed 
ft^m tetracycline exposure, lacZ expression couW be 
epToducibly detected in the form of a crescent at the torder 
between the arista and the third antennal segment (Fig. 6 
middle). This area corresponds to the most proximal part of *e 
wedge-shaped sector expressing tTA, as visualised with the 
TcZ reporter (Fig. 6, right) and is also the first to express tTA 
during third instar (Fig. 5B). These results show tha^ 
dereoression of Antp by removal of tetracycline can be 
demonstrated by the activation of a downsu-eam target gene in 
t itlal disc. These findings indicate that the te^acycline- 
dependent expression system efficiently repressed A„^ m 
embryos and allows subsequent derepression in imaginal discs. 



DISCUSSION 

In this study, we report a detailed evaluation of the different 
properties of the tetracycline-dependent gene expression 
SYsfem in Drosophila. Since its description in transformed 
HeLa cells (Gossen and Bujard, 1992) this regulatory system 
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has been extensively used in cell culture. In higher eucaryotes 
including plants and mouse, tetracycline-controlled activity of 
tTA has been mostly evaluated on reporter genes (see Shockett 
and Schatz, 1996 for a review), although a few exampks of 
successful expression of proteins have been reported (Efrat et 
aJ 1995 Ewald et al., 1996; Mayford et al., 1996; Shockett et 
al" 1995- St-Onge et al., 1996). By using Drosophila lines 
expressing high levels of tTA, we show that the strong 
ndSn'of th'e iacZ reporter can be efficient^ prevent^^^^^^^ 
tetracycline in both embryos and imaginal discs. We have 
evaluated the dose-response and defined easy and reliable 
protocols of tetracycline treatment to control the repression o 
the lacZ reporter gene. Furthennore, we also show that thi 
system is fuUy functional to control the spatial and temporal 
xpreTs on of the ANTP homeoprotein. The lines ey-tTA and 
205 described in this study show the highest levels of rW 
among the lines generated to date in the laboratory and we have 
Tp^Xibly obfained repression of gene activity m embryos 
by feeding their mothers with tetracycline in a range from 1 to 
1000 Hg/ml tetracycline, and in larvae, with as little as 0 1 
uZl tetracycline The use of tetracycline is especially 
appropriate to keep the inducible gene promoter silent dunng 
embryogenesis in order to direct its expression during lan^al 
development. Tetracycline concentrations ranging from 0. to 
10 ng/ml ensure reactivation of the tetracyclme-responsive 
promoter within 24 hours after transfer of the larvae to normal 
Sum It is important to point out that the amount of 
"Scydine required to inactivate tTA is both low and non- 
toxic. This is essential to keep the promoter tn^ctive up to a 
desired stage and to ensure its fast activation upon removal 
from tetracycline exposure. We have found that the addition of 
tlu^cycline to the larval food does not give any toxic effect in 
a range of 0 to 100 ng/ml, although the development ,s slowed 
down at concentrations above 1 ^ig/ml. As shown with the 
tTA strain, tetracycline can be used to control the timing of 
induction at distinct phases of development in order to define 
a phenocritical period. Temporal control of gene expression 
should also be effective during pupal development as a function 
ofte concentration of tetracycline provided to the larvae 
before pupation. They can be well synchronised dunng A s 
developmental period and go through a number of well- 
charSsed stages (Ashbumer, 1989). In conjbination wi^ 
the use of the lacZ reporter, these features should help in 
detemining the time course of induction of any gene dnven by 
a tTA-expressing line of interest. „,,„ii,h 
Our attempts to use the reverse tetracyclme-conU-oUed 
tra^sactivator' (rrTA, Gossen et al., 1995) have been 
unsuccessful in Drosophila. This transactivator is based on a 
Ltagenized version of tTA, which binds the refO sequence 
only in the presence of specific tetracycline denvatiyes. 
co^esponds io a 4-amino-acid exchange in tetR, wh ch i 
thought to alter the confonnation of the repressor and allows 
hs binding to DNA upon association with certain tetracycline 
com^unds (Gossen et al.. 1995). Since it was ongina y 
Sd"n a genetic screen in bacteria and tested successfully 
in mammalian cells (Gossen et al.. 1995) and m transgenic 
mice (Kistner et al., 1996), rtTA might need a temperature do e 
To 37°C to be stable. In contrast, tTA shows a potent activity m 
Drosophila and its negative regulation by 'f ^'^y^''"^' h"le 
major difficulty, as described above. Furdiermore. both the 
repression and the kinetics of gene induction might be 
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Fie 5. Adult phenotype resulting from the directed 
expression of An.ennapedia by the 205 strain. 
(A D) Expression pattern of the 205 stra.n m the eye- 
antennal disc visualized by X-gal detection of p- 
Sactosidase activity encoded by r.,0-/.cZ r^^^ 
Itc oriented with anterior up and dorsal left. (A Early th.ra 
instar. (B) Mid third instar; expression starts in tne 
cen^almost region of the antennal disc (arrow) and the 
oresumpSe X region (arrowhead). (C) Late third insta^ 

occeUus (mo) (E-G) Expression of the lacZ reporter .n the 
S^cUvfallstniLure^them 
the^sta (E). the three antennal segments (F) and the 
Si G) k-J) Normal phenotype of 205/+; tetO-Antpl^ 
S" iisUcontinuously with 10 ^^^rn^^^cU.. 
Occipital, post vertical and 'nteroccellar bnstles a^e 
indicated by ocb. pvb and ioc, respectively. (K-M) Alterea 
ohtno vpe of 205/+, tetO-Antp/^ adults derived from larvae 
SeTf^^m 10 ^tg/ml tetracycline to standard food dunng 
Sd insS. Note the thicjcening oj '^^^^^^^^^ 

arrowheads). We could not determine the origin inese 
Sts on L basis of theirmorphology. Af -S,';^^^^^^^ 
from the usual antennal bristles, they "° '^^ tyf 
because of the lack of the charactenstic bract The other 
m "n feature is a bunch of thick and long bnstles of 
Tknown origin close to the occelli (M. arrowheads). 



increased further with one of the numerous tetra.>.l.nc 
1996). 

Binary systems for controlling gene «P'-««^'°" 

The interest in using a binary system that <^o"\bmes an cou 

Molecule for conuolling activUy^^^^^^^ 

been largely demonstrated with the GAL4/UAi> system 

pTiTimon 1993). Our method makes use of a snnila 

development. In addition, the use of the vectors RHT W 1 
facU Se generation of driver strains expressing tTA under 
Se ontl of previously isolated tissue-specific enhancers, and 

po^nTr Sns canning any gene of jterest^^^^^^^^^^^ 
regulation of the fefO-containmg promoter. We also pian lo 
getrate a coUection of rTA -expressing strains following the 




205 tctO-Antp 
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FiP 6 TetracYcline-controlled expression Of A/irewiapetiia by the 
rvrA405 M21/205: rK781/rK781 mated with +/+ , tetO-^ 



number of appUcalions for Ihc M system. 

Hi, »orti was supporttd b, B J. *e Swiss 

Basel-Landschaft lut W. C). 
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.u^* TK^ "reverse" tetracycline repressor (rtR) 

^TA)'^A his prcvi.^'ly been shown to allow do. 

phila the ActinSC promoter was used to dnve consti 
P.' of rtTA in transgenic flies, inree 

development and aging. 
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Introduction 

Inducible ^eiie expression systems have long been an 
mt^^ant tool in analyzing the function of specific ger^- 
in bacteria, yeasts, and Drosophda. In Drosophiia, m 
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Z'^ < M o tat advanuge to nSny experiments, the 
^'fS™ in trSalr. 

Xr-e-o-U^a^^^ 

'otrfan-rsTtoSt"^.^^^ 

ZrHowever the metallothioBein promoter fuocttons 

?or7 there is a need for an aUematrve mduable gene 
=Tt°r^ ye^rS^oSt inducible gene expres- 
terns based on tne cou ucn j iqq4\ tVip tetR 
«e°S) only in the absence of the antibiotic tctracycLne. 



report here the successful adaptation of the tet on 
system to transgenic Drosophda. 



Materiab and methods 

Plasmid constructions 



stnicted by ^\'Xr^'^^^S1i"\m, contaimng the SV40 
pCaSpeR-AUG/P-gal Crh"™f^'^' Hindlll (partial restriction di- 
spUce and poly(A) signals '"^^^^^.j^'j^tr ofS pC^SpeR4 trans- 
ection) and ^*al sues of he poly^^"^' to generate plasmid 
formation vector (Thunmiel Pjrotu . ^ 
CSV. Plasmid pUHDl72-lneo (Go«en aL '^^ ^^^^ ^^h 
with EcoU. -"^filled with T4 po ymera^^^^^^^^ 
BamHl. to liberate a 1-kb f«^^'^"pSd cSV was digested 
cycline trans-activator coding ^uence. P'^™^ ^-^^ ^amYM, 
with 5p.I.endfilled with T4polyme«g. then g 

and the 1-kb l^^^'^'^^'^^f^^^^X?. of cTSV reveal«l 
generate the plasmid cTSV- DNA s^ 6^ ^^^^ 
that it had resulted ^Jf^^^^^^^^^^i in this cloning step, 
site from the inserted ^^S^f'^Tn^^ into the BrnnHl site, 
and the l-kb fragment was f "^^"y'^^^^'^cSn^C promoter was 
without any ^^^tn U^ral^eps fSt. ?lasmid D237 

inserted into plasmid cTSV in f^^^^?^^^ ^nd Basler 1993) 
(also called " ^ctSC >praf + > nuc4acZ - Stnihl a^ ^ 
wasdigested wUh No/I endfi^^^^^^^^ ^he Ac- 

with Kpnl, and the '^''"^'f jS/ sites of pBlue- 

tinSC promoter was mseited "fJ^Xx^^Kc Vc^<> 4-3-kb ActinSC 
Script II KS (Stratagene) to generate p^c l^e ^^^^^^ 
promoter fragment was ''^'^^^ J^"" ^^the 0^ si«s of 

with Kpnl and £c<,RI, ^^'^I'^^^TmlZj,^^ 
cTSV, to generate the plasmid cATbV. l'/:^^ ,^ong 
that the Actin5C P^^'f.f ^ 1^ ^Sc^^^^ 
orientation relative to ^t'*^'^ '™^otcr region was liberated 
region. To correct this t !„t t^ef reSrtS into the same £coRI 
by digestion with EcoRI, ^'SS/ a construct with the 

i.?rpr=Mn^ r c^e^r SaLn. which was then 
named plasmid rtTA. ^ ^ in plasmid 

The seven tandem repeats ot tne leiu . _ . 
- ,A5f,, »t ai 1995^ were amplified by_PC 



i. K«.n Arted to a site (a gift of L.R. Bell. 
Kpn\ sue has ^'J^fornia). Construct c70Z was also d,- 
Universuy of Sou'Jf^^^^^"' S^.aie an £coRl fragment containing 
gested with EcoR Squences. and this fragment was cloned 

the hsp70 poly(A) pton,id pBS2N' to generate plasmid 

into the unique ^^'''^VlN" wST^ with WmdlH and/pal, 
pBS2N". Plasmid PfS^N w^ ^ ^ ^ ^ 

Treated with exonuclease III ai^d wiinn ^^uencing re- 

The resultant plasmid was _40 relative to the 

vealed a 5' hsp70 9^°^°'%^^''^£JS^roU^n^ oihspTO S' 
start site of lranscnptjon_P^.md c^Z^on^^^^ 

promoter deletions which J^^^""^) pjasmid c40Z was di- 
Wheeler and J- Tower unpub^^^^^^^^ ,i,e 
Rested with Notl to Uberate a 3. / kd ^ ^^s cloned into 

yl-AQ hsp70:lacZ fusion gene, f"^ 'h^J^^Xpre. A fragment 
he Norl site of p7T, to generate ^^2t!2Ty^-^ hsp70:tacZ 
conuimng the seven tetO ',^Pi^'J^"i^5'„Ty 'd^^^^^^^ with Xhol 

pCaSpeR4. to generate plasmid Tl4a 

pS-d ^^^f JJ^^roraT^rSuSiieret al. 1988) con- 
fragment from pCaSpeR-AUU/P oai t ^^^^ 
uin'ISg the Adh translation — iX*e Sail site of 
the SV40 splice and poly(A)si^a^s '^ "« ^^^^ fragment 

pBlueScript II RS, to g«°«^'^,P'*'™„t^J) repeats and the 
Lm plasmid n40 contai'ungd^e^^^^^^ f 

promoter from -40 o +f'*JJuG a fragment containing the 

pAUG. to generate P^f^^ ^J^^'^pjO iaczT^on gene was lib- 



Drosophila culture 

ny stocks were majntamed 

1989). To obtain adult fhes^^fin«lag«, toe ^^^^ 

25»C until 0-2 days P^^'^f^^S Jin Figure legends. These 
transferred to 25-C or 29 C as . ^ca^^mjg^^^^=^ 

males were mamtained a^^.^^fO per via obtained 

vials every 2-4 days ^""f^f " '^^^^^^ to virgins of the 

by crossing ^ 'f^^^^ '^^^ a^J*^'^^^^^^^^ 

SSsl'IaM 
the w'"" recipient strain. 



Doxycycline treatments 



..TrOACTGCA _....r-rr. hydrochloride (dox)g.^a) by fe^.n^^^ 

tion of dox, m 20 "^^^ /."^^f*, /T^i^beriv-Clark), in an empty 
soaked into a single ^^I^'/'^^^^S dox for the specified 
Drosophila culture vial. After J^^*^^ ^^j/ ^r food viak. and 
time, the fties were ^'^^^^^'"^"^X^LLr.^ of larvae, the 
allowed to ^f^^^^^-^^'^faf Spplem^^^^^ with dox to a final 
::riS ti n^r S^^^^^ Pn' ' to seeding of the culture. 



'^^95) were amplified by PGR usmg the 
pU HC 1 >-> tvjos«^»-^-- '/^^iUrrGTCrrC AAG AATTCCTC- 
Srimers: 5'-TCGACTGCAGC^CGT^ 

gSgTVT0AG-3'The 367-bpPCRp^^^^^^^ 

, and then 

plasmid p7T. „^,„,^,m as follows. Plasmid pAdh/p- 

Plasmid TTAdh was '^^f'^^ffggYl was partiaUy digested with 
gal (Irvine et al. 1991; Koe le « a^^^^l^;^; u^rate a 4.8-kb 

™>a Lis 1987) W3S "^'fS to E, 



Specttoph«<,i..mc ass., ot Hal.««ito activity 

„i,h regard to "'^S^,,, rtptoti a^y.- P"teia 

strain using the spectrophotometnc assay. 



In situ staining for p-galaciosidase activity 

B-galactosidase expression was visualized in directed Wcs. laj^ae 

and cryostat sections using published procedures (Simon et al. 

1985). 



cryostat, and the section^ere statited for p-gal ac v y 
(FiK 2A) In the treated flies robust P-gal activity 
Wue stain) was detected in all tissues. In the control 
flies, low-level P-gal activity was detected P^^^'l^^'^ 
the gut and thus the system allows dox-.nduced trans- 
gene epression in all tissues of the adult. The same 
results were obtained with transgenic fUes conUtmng the 
oTher two reporter constructs, 7T40 and 7TAUG (data 

''°T?°dItinnine if the system also works during de- 
velopment, line rtTA(2)Cl was crossed again to re- 
porter lin; 7TAdh(2)A2, and also to reporter Une 
7T40(3)B1 and the larvae from each cross were cul- 
tuiS on food containing 0.25 mg/ml dox, and on 



Basic components of the system 

To achieve tetracycline-inducible induction of trans- 
genes in all tissues it is necessary that the reverse tetra- 
cyclme transactivator (rtTA) be expressed in aU tissues^ 
The rtTA is a fusion of the reverse tetracycline receptor 
(rtR), which binds to DNA only in the presence of tet- 
racycline, with the transcriptional acuvation dom^ of 
herpes v rus transcription factor VP16. In construct 
rtTTthe constitutive Dro.opM7a ActinSC promoter was 
ied 'to drive expression of the rtTA codmg region. This 
instruct also contains the SV40 poly(A) signal se- 
quence (Fig. lA). To test the system, th^ /.^P^^^.^ 
constructs were generated, each encoding E. cohj-g^l 
The constructs differed in the source of the core pro- 
moter, 5' UTR, and polyadenylation signal sequences m 
order to maximize the chances of generating a construct 
which could yield high-level transgemc protein expres- 
sion in D- '^ophila. In the first reporter construct 
(7TAdh) seveu tetO sequences are fused to the Adh core 
promoter, fcn.wed by the Ubx 5' '^ll^i^;^.^??; 
the E. coli lacZ coding region, and the SV40 poly(A) 
signal (Fig. IB). A regulatory element composed o 
seven tetO sequences was chosen because this element 
was previously shown to function in transgen^ ™f! 
(Kistner et al. 1996). In the second reporter (7T40), the 
seven tetO sequences are fused to the hspW core pro- 
moter, and hsp70 5' untranslated region, ff ^^^^^ by ^^^^ 
E. coli lacZ coding sequences and the hfP^O vm^) 
sienal (Fig. IQ. In the third construct (7TAUG), the 
tetO sequences are fused to the 70 core pro- 
moter, foUowed by the Adh 5' untranslated ^gion, the 
lacZ coding region, and the SV40 poly(A) signal 
(¥ie. ID) Multiple independent transgenic Unes were 
generated for each construct. Each Une is homozygous 
for the transgenic construct, and is designated by the 
name of the construct followed by the chromosome in 
which the construct is inserted (in parenthesis) foUowed 
by a letter/number combination for each mdependen 
transgenic line. For example, hne 7TAdh(2)A2 is 
transgenic line number A2 and has the 7TAdh construct 
inserted on the second chromosome. . , , , , 

Flies were then generated which contained both the 
rtTA construct and the 7TAdh construct ( double- 
transgenic" flies). This was done by crossing flies of 
stock^tTA(2)Cl to flies of stock 7TAdh(2)A2, which 
yields progeny containing one copy of each construct. A 
sample of these double transgenic flies were fed sucrose 
solution containing 1.0 mg/ml dox for 48 h, while the 
controls were fed sucrose solution alone. The flies were 
allowed to recover for 3 days, then sectioned usmg a 




SV40 polyCA) 



ri2 lA-D Transgenic constructs. Each construct fragment showi is 
into iTifdicated restrktion sites of ^^Hl:?? 
nCaSDeR-4 transformation vector. The assembly of each construct is 
m Materials and methods. Diag^arns are not ^ 
A rt^A. m constitutive AainSC promoter and 5' -tran^a^ 
r-tinn arp fuscd to thc codiflg sequences for the rtTA (reverse 
ScS. SlSvSr)?^lht a fusion of the rtR (.ever« 
SSSS ^r) and the transcriptional acU^t^on d^^f 
herpes virus protein VP16. The poly(A) si^l seq'wnce arc 
r,^SV40 B TTAdh. Reporter construct consisong of seven tetO 
Se^^the Xo« promoter, the Ubx 5' united repon and 
Stioial imtiauon scquen«, the ^IVS r'^^'SS 
the <;V40 DoW(A) signal sequences. C 7T40. Reporter consirui^i 
^JZ S? s^Jen tfS Suences. the. f^70 core promo^. J 
^SS^ region and translational fauUaUon sequent, the £. co/. 
kczZ^g r^on and the hsp70 poly(A) signal ^^<fJ^J^,^^±. 
Reporter (IXct consisting of seven tctO «queiKes. thej^^f^^^^^ 
p^moL, the Adh 5' untranslated region -^^^irS 
»quencc the E. coli lacZ coding tt^ion. and thc SV40 poly(A) signal 
sequence 



Ffc lA-C Dox-induced transgene expression detected by an in situ 
S^^^vity A rtTA tr^genic line nTA(2)Cl wa. cros^ to 
^rter Une 7TAdh(2)A2. Young adult progeny were fed with either 
SS^sSoII solution (upper panel) -^J-^,^'''^^^ 'ZTSr 
1.0 mg/ml dox {lower parrel) for 48 h. and then ^l^^.^";^;^: 
3 dav^ Flies were sectioned on a cryostat, and stained for^^ 
actiS using the chromogenic substrate X-gal. In the control («pper 
SZt.\ P-gal activity is detected primanly .n gut t.ssu« Jhe 
gTsLing indi^tes some leakiness of expression m the ateen^ of 
dox as in non-transgetiic Drosophila only very faint gut staining is 
de^ir^be and^^ly in the abdomen (data not shown, sec also 
^er et TlW5). In dox-treated {lower pcmel), &-gal acUvi y .s 
deS in all tissu.^, with the exception of the central region of the 
SSmgS muscle. All of the indirect flight muscle J-ssue stains 
SSy if the staining reaction is aUowed to conunue for a longer 
period (data not shown). However with lo"g« /T^jT'f, 
die increased intensity of stain in the other body se^nents 
SLuSThTdetail of specific tissues and ttierefore the resists ^ 
the shorter staining tinve a«. presented. B Pro^y f^-^.J^^^"^ 
rtTA(2)Cl X 7T40(3)B1 were cultured on standard Drasophda cuiw^ 
meSa upper lam) or Drosophila media containing 0-25 mg/ml dox 
Oower lar/a). Whole thitd-instar larvae were stained in situ for P-gal 
Scti^Sy. No P-gai activity was detected in the control tissue hjv« 
(upper lar.«^\ ox in non-transgenic larvae (dau not shown). General 
activity was detected in the dox treated larvae iiower laryae)^ 
C Repeat of the experiment in B, usmg progeny of the cross 
rtTAf2>Cl X 7TAdh(2)A2. p-Gal expression in larvae with this 
^^11 S-rScib^ le^fficient than in the experiment shown 



control food. As seen in Fig. 2B, C, staining of whole 
Wrd-instar larvae -vealed high-level Ussue gener^ 
induction of p-gal activity with reporter 7T40(3)B1 and 
somewhat lower level, tissue general induction with re- 
porter 7TAdh(2)A2. The dox-fed larvae were also ob- 
^rved to be sUghtly smaller than the controls which 
may be due to a toxic effect of the dox and/or p-gal 
expression during development. 



Characterization of the response 

The induction of P-gal expression can be quantitated 
by spectrophotometric assay of ^gal activity m fly ex- 
tracts. This assay was used to optimize ^ime <:«une 
of dox treatment. Transactivator hne rtTA(2)Cl was 
crossed to reporter Une 7TAdh(3)Dl and the double 
transgenic progeny were treated with 1.0 mg/ml of dox 
for 24 h 48 h, and 48 h plus varying tunes of recovery 
without dox. As seen in Fig. 3A. 48 h of treatment plus 
3 days of recovery gave the optimal degree of induction 
(~10-fold). With greater times of recovery, ^gal activity 
decreased, indicating that the induction is reversible 
upon withdrawal of dox. The same result was obtained 
using a different reporter stock, contaming the 7T40 
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activator can be quite "P'^- . ^ ^ 4 h, and 

maximum levels or ac „f activation in 

ITf^M wa quantated at intervals between 4 and 
'rh tS flean^acuvation was no. d«-.e<l un»^.8; 
20 h and maximal induction '=<l";'!i.f,^V™„" 
'^1 were obt^ned with — ^^'^^J^ Z 
shown). Note that "^e f^^^'^Jftin^^^^^ in 
TTSyT. ™ — m"! proba^ rdlects 

:TZ'-Z^^'^''%<- and administration of dox b, 
'-^SeV.op*-;on~^^ 

J,:prrcrsr.l.twoinde^n.e.«^^^^^^^ 



12 20 24 48 72 
Treatment (h) 

x:.„^ «,nrse of transeene induction by dox. A Young 
Fig. 3A-C Time course oi 7TAdh(3)Dl wer« mock 

.Sit progeny of *e cn»s "T^^^^^^^iTS^ml dox (Dox + ; 

photometric assay. P^al « "P^^^^^ ^ k *as repeated 

S;omS&)Cl x7fflh(2)A2.^^ 
Lluction was analyzed in greater detail 

to activation by the tetO sequences and the rtTA ^-J^^^f^^^^^J^^^ as in Fig. 3 
transactivator. 





n-r- • 7TAUG(2)0 

Reporter stock 



7TAdh(3)bl rT40(3)Bl 
Reporter Stock 



Reporter Stock different 

^^^^^^^^^^ 

. -.u „ii mr«. constructs, with induction 
was observed 7^^^^,^^,f25 fSn general, the 7T40 
factors ranging from 12- to 25 torn B ^ssion 

also assayed m 

transgene can affect the level oi P 

independent ^^^J^^S'l^XtcTo^ 13 inde- 
activity. To compare their actmue 

pendent rtTA ^"^^S^^^ * ' ^^^^^^ 

7TAdh(3)Dl reporter, and the efficiency oi mo 

► 

indicated rtTA Unes were «u:h '!^^yed without dox 

Vhe young adult progeny fro'^^^^'^^f^ TTmlSdox treatment 
treatment Pox-; suppled ^.^^^^J^^ the reporter Une 
(Dox + ; black bars), !i if :f a X repeated using the 
TrAdK3)Dl alone. B T^lfP^™?^ m A was 
^x>rter Une Tr40(2)El.ND. not done 




H mSal l"v° 1 of induction, and iheir acuvily tela- 
was similar ><, tha. observed us,ng Ae 

5S;r.^/tir.^=--— ^^^^ 

genetic backgrounds were «stM for lo„^ 
^ty, with and without dox feeding. Wl»-'yt« °^ 

l-^r'^ltiTnAMl)^) expr^sed high levels of 
^^it'SpotS » al n.^nJ lox (Hg. 4) and 4b «- 
Son alio had no detectable negative effects on hfe- 
(Fi» 7A1 Finally, a different combination of 
^LSI^^Urepo'rlerweretesteiT^^^^^^^^^^ 
rtTA(X)Al was crossed to reporter 7TAdh(3)Dl ana 

r*. 7A, B Affect of dox-in- 
ducc<J ^gal expression on 
Drosophila adult life span. A 
WUd-type Oregon R strain flies 
were treated throughout their 
adult lifespan either without 
dox {open squares) or with 
O.l mg/ml dox {filled squares), 
at 25° C. Flics were fed or 
mock-fed dox for 2 days, and 
then allowed to recover on 
standard media for 2 days, and 
this regimen was repeated unUl 
all the flies had died. The per- 
cenUge of flies surviving is 
plotted as a function of time in 
days. The same experiment was 
performed using proe«ny from 
CTOSS rtTA(2)Cl ^ 7TAdh(2)A2 
grown in the absence of dox 
{open circles) or in the presence 
of 0 1 rag/ml dox {closed cir- 
cles) At least 200 flies were used 
for each of the four survival 
curves. B Progeny from the 
cross rtTA(X)Al x 7 
TAdh(3)Dl were grown 
throughout their adult life span 
in the absence of dox {open 
diamonds), or in the presence of 
0.01 mg/ml dox {filled squares), 
or 1 .0 mg/ml dox {open squar- 
es) at 25° C. The number of 
\ flies used (n) for each survival 

curve is indicated. The different 
i genotypes assayed in A and B 
vary in life span rclauvc to each 
other, which is not unexpected 
' due to the large effects of ge- 
netic background on Ufe span 
(Curtsingcr ct al. 1995; Tower 
1996) 



age.s,nchro,.^cohoAadu|tme3^^^^^^^^ 
throughout their adult hf span wia^^ 
dox. or > Omg/ml dox trig^ /D, ^ 

I? Hower .Sent ^th Im^^r^^ ^ox had 
io StaS on life span- The -e .esuUs 

;^;i;^5;thiresu,tssugg«<^*«,^^^^^^^^^^ 

useful for assaying the ettects on luc 
pression of specific genes. 




Orfl(-) 
OrR(+) 
. rtTA(2)C1x7TAdh(2)A2(.) 
■ rtTA(2)C1x7TAdh{2)A2W 



20 25 30 35 AO 
Time (days) 



45 50 55 
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Time (days) 



here demonstrate that this ^^^^^-^^^T^it 
DrosopHila, and can -f;;^^^^^:ZXy^c linked to 
hsp70 and Adh core P^°7°^«f^ ^^^^^^ instructs per- 
tetO sequences. Since all Jjee repo't^^^^ ^^.^ 
formed similarly, the resulu s^^^ ,f 
there is no the hsp70 poly(A) 

the SV40 poly(A) ^^"-^^'f^^^^^ between the effect- 
signal, and no significant ^f^f^^f,^^ regions. Dox- 
ivfess of the Adh, hsp70 ^f^^^^^^^l^ ^XX tissues, 
induced transgene expr^ston was detect ^^^^^^^ 
and induction ranged from 10 ^^^^t varied 

transgenic lines -"^^^^^^^^^^^ in the 

considerably m ^^'^^^^^jJ^^Xed and in the amount 
maximal level of induction achievea, a 
of baC^ouoa ac.|v.y "-^".^ » ~ma, posi- 
This variation is UKeiy lo oc transposon, 
tion effect on «PS™„it ^ g=„«ic back- 

ground of the imes. inc uux --tivitv most proba- 
Sporter -stru^^ a s^^^^^^ '^Slm degree of in- 
bly for the same reasons^ ine n^ ^^^^^^ This is 
duction tbat was achieved^ w^^^^ ^^^^^^ 

dramatically ^^^^.^^^f 'f' ^^'.^n system in transgemc 
duction obtained wi h t^^^/^^^^i induction 
mice (Kistner et a . l^.^:,' "v,^ ^t least two factors: 
achieved in ^^osopMa 

First, the reporter '^!,^^:f^^^^ even in the 
variable, ^---^^'^'^^^^^^ the rtTA 

absence of the rt^^^^'^^^^'^IaSaUy active even the 
transactivator appears to be ' trans- 

absence of '^^Vrr^racuve ^^n r'^^^^^^^ 
activator was often more acuvew ^ ^^^^ the re- 
first problem might be addressed oy p ij^julator 
porte'r constnicts from po^^^^^^^^ 
elements (Roseman al- l^^n ^ '^^lem can be 
less leaky core Promoter. TJe s^oM^ ^^^^ ^ 

-l^Bated by 1^^^^^^^^^^^^ activaUon. 



, Unears to have toxic affects during 
life span but it ^ f«|P^^^ J^^^^^^ i991). Using the 

to tissue-sp«:ific md^^^^^ transactivator construe 

tutive ^f^''^^^ P"^^°^c promoter should provide 
rtTA with a tissue-speonc p ^^^^^^^^^^^^^^^^^j^^ 
tissue-s pecific expressuDnjn tu. 

thus tissue-specific indu^^^^^^^^ P qAU 

system for J'^^^P^fdeveCd for DrosophUa (Brand 
transactivator h^J^"^^';^^ o^rmand 1995). In this 
and Pernmon 1993, "f^no anu transactiva- 
ease tissue-specific ^^tncer sy^^te^^^ the trans- 
tor IS driven ^l^^^t^:^T!^.l transcriptional 
activator is ^J^^^^r Ae^^uol ^ ^ 

promoter which ca^^"^\^„ ^he P element inserts 
temporal-specific ^^^^^f " ^nces in the chromo- 
near transcnpUonal enhancer s^^ temporal-specific 
some. The large ^f^^^^jl^Sn patterns generated thus 
GAL4 transactivator «P^'°°Sc expression of "re- 
allows tissue- and temporal-s^VAL4 binding sites 
porter" type ^onstnicts ^^^^^^^^^^^ ^ to 

in their P^^rnoters. ms syst^^^^ ^^.^^^^^ 

^^.^^t^beP^siHet^^^^ 

mutations in ^^''''''P^^^ Ij^^ of the end of the 
transcnptional Promme-d^^^^^^ and/or mis- 

p element can ^^^^^.^rgite of insertion, sometunes 
expression of genes near the site o 

caLing <lo°^^-°VTreieLm ^^^^ dox-inducible 
1997). Creation of ^ ? f ^^^^ ."^^ent into flanking 



eiciucuu V- second proDiera cau "v. / t- out oi the r eiciutu.. 7- - 

less leaky core promoter, ^^^^^ ^^,5, such as promoter ^''^t^r.hould soinetimes cause dox-induced 

mitigated by ^^.^f f^^J.^f activation. DNA ^^^^ ^^f^^'Z. the insertion site. This 

rtTA(3)E2, which exhibit less oacKgiuu over-expression 01 a gc rc . (dox-dependent), 

f^n^S we hypothesize thatthe ^^^^ V'c™ J .he "«>l>o<l should ;^=^J°^SWh would b. 

»-nP>io"i,!— s*i'oJa._racUon — ' S^^^foTgeStic analyses; s«ch exp«.- 

ments are now underway. 



rtTA 'rL^^-I ma^hi^^ry than 

with the mammahan transcnpuonai ^^^^^^ 

of induction observed in Drosop/H/o^^ ... ^'-..^..t, i c.W. v<as supported by a PJ!-^,^^,v This 



nossibiUty may aiSO oc ^~ - Acknowtedgenicnts we ihank ^^^"^ pre-doctoral training 



several P^'-'iltr^Kd^lwe s^^^^ should 
shock gene promoters The oox 
be useful for stutiying hsps as U wiu^ 

'lSt*rSpSn v^tT^-^- "^A, 
S"L'i'Sne^^on\p«c^^^ 

s;^ni?.ora7twrsreSi?..».».*«. 
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Introduction 

Proper temporal and spatial regulation of gene 
expression requires the orderly and effiaent inter- 
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action of transcription factors with their cognate 
sites. The elucidation of how this might occur is 
one of the major challenges in molecular biology. U 
transcription units are organized into independent 
functional domains, enhancers could activate tran- 
scription from a promoter within the same domam 
but would be restrained from interacting witfi pro- 
moters in external domains. Insulators seem to be 
involved in the organisation of the eukaryotic gav 
ome into domains of gene expression. Insulator 
have been identified because they interfere with 



s-actkig SeQuences of a Sea Urchin Insutatof 



restrict enhancer activity (for JJ^^ 
sJ^^) The best chnractenzed of these enhancer 
S:ki>getements are the DrosphiJfl scs scs' 
oiocKuig ^.7-10 »rtd the chicken Hb4 

arics have also been identihed in yeast. 
Sowever, it is ^^^'^ whether the yeast 
can also act as insulators of enhancer 
aS oj^display only d^omatH. boundary 

"^S^Z DNA elements seem to be p«sent m 
tl^Ttandemly i^ted sea urchin early histone 
K^es The five e^y histone genes ^^f'^^;^^ 
SSinately after lAeiotic maturation of the eg^ 
3 in early cleavage embryos until the blastula 
:4 « Xlti^ugh tlire is a single erjancer wit^ 
tS^histone repeat unit, the 30 bp moaulator of tfie 
SSa eene^-^^ch gene within the repeat is appar- 
Sy^Sgulated by genespeafic transcriptional 
2ents>^ Fnlin tMs observation, we hypoth- 
Sd that there might be chromosomal elements 
S^S uld direct'and restrict H2A modubtm 
hSction to its cognate H2A promoter Sub^ 
sSSntly. we idenhfied a 265 bp sequence at the 
Fend of the H2A early histone gene (see map in 
Fi^S 1), that, in microinjected sea urchin 
eiSryos, showed a blocking activity when placed 
SiSn the enhancer and 
termed this sequence silencing ™^l«'P^^"'",^^S 
toe Isns). Al^ough proof of the directionahty of 
Sancer blockinglchvity was lacking, cxperimen- 
STevidence suggested that sns is an --J^ ^« 
enhancer hmction rather than a general repressor 
of transcriphon. sns blocked enhancer-promoter 
Lflteraction only when interposed in either onen- 
tation, between a mulhple array of the H2A modu- 
lator/enhancer and the basal ^hy'nidme kmase (d.) 
promoter. No other position inHuenced ^gene 
Lpression. Furthermore, sns mterfered witti 
enhancer hmction but not with the achvity of the 
basal promoter, in that it mantained the capaaty to 
silence tiansgene expression when it was placed at 
a SSnce of 2.7 kb^from the promoter.^« Interest- 
inElv our results suggested evolutionary conserva- 
tion of enhancei biockmg mechanisms, aa sns, was 
able to shield promoters from viral enhancers m 




r:™«, 1 Mao of the H2A transcription unit. CCAAT 

tivelites (vertical thick arrows) appear at gasmua 
stages/^ 



°'Se"e wfhave further characterized the proper^ 
ti^ of the sea urchm sns DNA fr-^«^^^ 
sent evidence demonstrating that sns, m t^ case 
S tlTbesl characterized insulators, affects only 
^^'loSlSi distaUy fn^m the ?ro^^^ 
displays a directionahty in -^'^^^'^^.'^^^^ J 
. In addition, we reporc tii. ^^^^^^ ^ 
fhree orotein binding sites v iKun sns that, as 
SSiS^ by h^Tctional assays m transgemc 
S^SS; emb^, are collectively required for 
insulator activity. 

Results 

sns interferes with enhancer function in a 
directional manner 

Utilizing RNase protection assays, we previoi^y 
d^cSted the ability of snS to inhibit enhancer- 
activated expression of a transgene m microm- 
SS^ urchin embryos only when intei^osed 
Ke^an array of theW modulator/enhancer 
" promoter.- Because basal e,cp^on 
from tk or other viral promoters m sea urehm is 
le, effects on trLscnption were drjmahc, 
irith p^viously abundant transcript levels becom- 
Cundetectable. We have used the ^"^^F^<* 
to'^invest.gate whether sns evinces other behav^« 
expected of insulators. We placed sns between two 
ShStcers in a diloramphenicol-acetyl transfera^ 
(CAT) gene transcription unit (Figure 2(a), con- 
sfruct 2). AS a distal enhancer, we vsed the 
sea urchin H2A modulator array, «ftainmg at 
least four bmdmg sites for the MBF-1 
^.activator; the proxirnal enhan^r was 
heptamerized tetracycline (tet ) «P«^»°!;.^."^H 
ceUs the tet operator is induced upon binding ot 
the Tet repressor-VP16 activation domam chimera 
(tTA frans^activator) and ^timtUates tran^rijhon o^ 
a reporter gene by several orders of magmtude^ 
ThTlTA g was placed under the control of the 
multiple modulator elements and the tk mmirnal 
pSer (construct A). Ihis ^onstmct ^^s^^^'JJ'i 
jectcd with the CAT reporter gene driven by the tet 
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figure 2. Polar aiKl directional effects of sm on enhaiv 
cer^romoter interartion (a) Schematic ^P'^'***?"/ 
the micToinjected pUsmidfi. Bu^dmg of the MBF and the 
tTA txansactivatois, respectively, to the modiJator and 
tet operator arrays is also irtdicatcd. Curved arrows 
refer to the activation of promoter by tho bound factor; 
small arrows point to the transcnpfaon start site, 
(b) Total RNAs from microinjected embryos were pro- 
cessed to detect enhancer-activated transgene eq>ression 
by RNase protection using antiscnse "P-labelled probes 
t^recribed in Pitm from the constructs iUuetrated below 
die gel images. Arrows point to the 217 nucleotide CAT 
and 344 nucleotide CFP RNase-resistant fragments. 
tRNA was used as negative RNA control The RN^fe 
digestion products and end labeUed Hpall-digested 
pfflucscript DNA (M) were run on denatwrmg polyaayl- 
amide gels. CoinjecHon of constructs 1 and A (lanes 1/ 
A) leads to CAT expression. In the absence of tTA, am- 
struct 2 is silent because the modulator is blo<*ed by 
sns Oane 2). Coinjection of constructs 2 and A (lane 2/ 
A) tfflrtfr-activates CAT gene cxpressioa Construct 3 
expresses the CAT transgene because the tet operator 
does not interfere wi* the modulator (lane 3). Construct 
4, in the absence of tTA, expresses only the GFF trans- 
ttene (lane 4); if coinjected with A both the CAT and tlie 
GFP reporter genes are trflnfi-activated (lane 4/A) 
Hence, sns does not block the binding of the transcnp- 
tion factors to the enhancers. 



operator (construct 1). We predicted tt\at 
SSrion of the tTA would eUdt f««s-achvation 
7S^gene. As shown m Figure 2(b) (lane 
T/aJ twT^SSieed the case. Next, we tested the 
constructs with two ^^^-^^'^Jf^: 
struct 2 contaiiung sns between the MBF- and ITA 
binding sites was tnmscnptionaUy sdent (lane 2) 
SdS.g that sns blocked the '^""7*;^^ 
Lction of the MBF-1 and °Pf 
was inactive in the absence of tTA. When the acti- 
vator expression pUsmid (construct A) was conv 
iected with construct 2, trarrs-activation of he 
'SLgene occurred (lane 2/A). The intensity of 
CAT mRNA band detected in embryos injected 
with the two different plasmid c^n^^'inations was 
almost identical (compare lane 1/A and 2/A) 
suEKesting that neither the modulator nor sns 
sequences affected the extent of activation by tTA 
In addition, the M operator sequenc^ did not 
interfere with the enhancer activity of the modu- 
lator, as similar levels of transgene expression were 
detected in embryos injected with constroct 3 (lane 
3) In summary, these experiments strongly suggest 
that sns, like chromatin insulatore, has the abiLty 
to block the distal enhancer from communicating 
with the promoter but has no influence on the 
proximal one, when situated between the two- 

We also investigated sns b^vior in the context 
of a bidirectional transcription construct. A con- 
struct was made in which the modulator array and 
ict operator direct expression of two diver^oitly 
transcribed reporter genes, encoding either CAl or 
green fluorescent protein (GFP). Hie sns sequence 
was inserted between the modulator and Ul oper- 
ator (constmct 4 in Figure 2(a)). RNase projection 
assays were performed with RNA extracted from 
transgenic embryos, utilizing probes for both CA l 
and GFP in the same hybridization reaction. Only 
CAT mRNA was detected in embryos microin- 
jected with constructs 1 and A (Figure 2(b), nght 
panel lane 1/A). As expected, in the absence o 
&ie tTA activator, the CAT transgene was not 
expressed in embryos injected with the biduec- 
tional transcription unit (lane 4), presumably 
because sns interrupted the interactions between 
MBF-1 and the basal transcription apparatus. How- 
ever, sns did not resb^in MBF-1 from activatmg 
the divergent GFP transcription unit (lane 4). 
Subsequently, expression of tTA aUowed for frans- 
activation of tiie CAT transcription unit (lane 4/A). 
From these results we conclude that sns blocks 
enhancer activity in a directional manner. 



Ift vitro binding of proteins to sns sequences 

To identify nuclear protein binding sites within 
sns, we performed DNase I footprint analysi3 and 
electrophoretic mobility shift assays (EMSA) with 
nuclear extracts from gashrula stage embryos. Two 
DNase I protected regions, defined as Box A and 
Box B, were mapped to both sb:ands in the 5 na" 
of sns (Figure 3). The specificity of protem-DNA 
interaction was assessed by oligonucleotide compe- 





Box B diicct repeat Pyrimidine stretches ate ovcrlincd. 



tition experiments m EMSA. Figure 4 shows that 
both DNA-protein complexes were suppressed by 
an excess of unlabelled homologous probe, while 
they were not affected by an excess of unlabelled 
heterologous sequences. As indicated m the 
sequence shown in Figure 3(b) and in the drawing 
of Figure 4, Box A contains two notable sequence 
features: a C + A perfect direct repeat (DR), and 
immediately downstream ttie palindrome (IR) 
which is one of the cis-acting elements involved in 
3' RNA processing.^ Because the IR sequence 



alone competed as efficiently as the entire Box A, 
we conclude that the palindrome is the protein 
binding site within Box A. 

To search for hjrther protein binding sites, we 
analyzed the pyrimidine stretch (C + T) at the 
3' end of sns sequences. This fragment contains 
14 TC repeats that in the bottom sbraiui correspond 
to seven GAGA sequences. EMSA analysis with 
nuclear extracts demonstrated that the C + T rich 
fragment formed a predominant DNA-protem 
complex that was specifically competed by an 
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Figure 4. EMSA analysis of 
nudear proteix^ ^^^^Z jj*^ "^'^ 
sns -me three end labelled probes 
Box A, BOK B and C + T, arc 
underlined in the schematic draw- 
inK of the sns fraginent. DR and IR 
r^r, respectively, to the direct 
repeat and palindrome of B<>ii A; 
white arrows in the Box B indicate 
a tandem repetitioa (TQ14 refere 
to the 14 repetitions of the TC 
doublet. The C+T fragment was 
obtained by PGR ampMcatioa All 
other probes were obtained by 
araealing complementaiy oUgonu- 
cleotides. In competition exper- 
iments, nuclear extracts were pre- 
incubated wi* an excess of 
unlabelled homologous or heter- 
ologous probes prior to the 
ad<£ti<m of ing of the Ubelled 
probe. The amounts used were: 
100 ng for Box A (A) and Box B 
(&)■ 50 ng and 100 ng for IR, DR, 
C+T, GAGA (the GA repeats 
located upstream the H2A modu- 
lator), and CrQ14. The DNA-pro- 
tcin complexes were resolved by 
polyacrylamide gel electrophoresis 



excess of the homologous fragment (Figure 4). Of 
particular significance, protein binding was also 
spedficaUy competed when nuclear extracts were 
pre-incubated either with an excess of a sequence 
rantaining four GAGA repeats, which is located 
upstream of the H2A modulator (see Figure 1), or 
with an oUgonudeotide containing the 14 IC duiu- 
deotides found at the 3' end of the pyrimtdine 
region (see sequence in Figure 3). "nre former corn- 
pstitirji was slightly less efficient, perhaps due to 
tf,e presence of fewer (eight) TC dmudeohde 
-epeats. These observations demonstrate the bmd- 
iiiof nuclear protcin(s) to GAGA sequences m sea 
urchin and suggest that a putative GAGA factor 
might contribute to the enhancer blocking funchon 
of sns. 



Deletion ot either the Box A palindrome or the 
3' CT repeats abolishes sns insulator function 

We used the er\hancer blocking assay to test the 
effect of 5' and 3' deletions of the sns h^ginent on 
the c-xpresbion of a transgene driven by the ti2A 
modulator in transgenic sea urchm embryos, llie 



sns delehon mutants shown in Figure 5(a) were 
doned between multiple copies of the 30 bp nxodu- 
lator/enhancer of the H2A histone gene and the tk 
promoter of the M30-CAT reporter plasmid 
(Fieure 5(b)). Resulting constructs were microm- 
jected into sea urchin eggs, embryos raised till gas- 
trula stages and processed to determme CAT 
transgene expression by RNase protection analysis. 
Results depicted in Figure 5(c) are representahve of 
several microinjection experiments- In agreement 
with our previous reports,"''' in the presence of 
one or several copies of the 30 bp histone H2A 
modulator sequence, transcriptional activation 
from the tk pixjmoter occurs efficiendy, as evi- 
denced by abundant transgene transcripts 
(Figure 5(c). lanes 3. 9, 11). These M3(K;aT con- 
structs demonstrated once again the enhancer 
blocking hinction of the intact sws (lane 5). Del- 
etions from either the 5' or the 3' that remove Box 
A(A sns), or the pyrimidme rich sequence (AUI 
sns). r«spectively, impaired the blocking activity of 
sns Ganes 4 and 13)- In fact, levek of CAT tran- 
scripts were comparable to the construct lackmg 
sns (lanes 3 and 11). As expected, 5' deletions that 
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a H2A-INSERT^T 



RNaseresistattt 



B. faction., acsvi., ^ tt» - d.to», ^•'^•'.^P'^'S.ff^^S^K ^^.X. 

*e RNasc digestion products was '^J''^ F^J^^^^^^rTol L trai^gene. Lane 5: miaoinjertion of 
Of the positive conttol M30^AT to n^nitor 13.. «u«?.rrtjection of reporter pbsmids 

M3»WCAT to monitor enhancer blocku,g ^^Y'^ ^^J^^' J^f^' the abSity to attenuate the enhan- 



left the palindrome intact, (AH sos) exhibited wUd- 
type sns enhancer blocking activity (lane 12). 
Finally, removal of the TC repeals (Al sns) from 
AU sns, abolished the ability of sns to affect enhan- 
cer-promoter interaction (lane 10). Altogether, 
these results are consistent with the nuclear protein 
bindin$ sites defined al>ove and indicate that the 
Box A palindrome and the GAGA sites are essen- 



tial for sns to block communication between the 
modulator and the tk promoter. 

Box B is also essential for enhancer 
blocking activity 



The experiments described in the previous^- 
tions suggest that the enhancer blocking function 
of sns i«Ues on the assembly of protein complexes 
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at the Box A palindrome and at the GAGA sites, 
'i^^^ix^ of proteins to Box B was aUo 

actions were also essential for sns activity. Toward 
^Zd, we perfonned an m zm, competv^^ 
expenxnent. We have P^yiously used ^ 
apSoach to demonstrate that bmdmg of the MBF^ 
t'^fanscuphon factor to the modulator ^ required 
for activation of a tiansgene dnven by the histone 
H2A promoter.'^ As indicated in Figure 6 sea 
urchin embryos were injected with the sns^ontam- 
STLisg^e construct together with mcreasmg 

eith^ Box B <lanes 3, 4) or the Box A 0^ 6) 
sequences. As levels of enhancer-activated trans- 
Ste transcripts were similar to those seen wxth 
M30-CAT plasmid (lane 5), these ^sulte dmvon- 
strate that cither oligonucleotide prevented enhan- 
Lr blocking aanes 2,7). Hence, titration of eijier 
Box A or bSx B binding proteins by injecting their 
target sites impaired the abUity of sns to block 
enhancer-promoter interaction. 

i)i3cusslon 

iiuulators are a new class of genetic elemeaits 
that can modulate the activity of enhancer or ofhex 
regulative sequences." Ihe few element identified 
^cipally in Drosopkita and chicken display two 
important characteristics: polarity and directional- 
ity of the effects of insulation of enhancer 
activity.^ * The former signifies that only enhancers 
located distally from the promoter with respect to 
the site of insertion of the insulator are attenuated 
in the interaction with the promoter. The second 
feahire is that insulators do not prevent a blocked 
enhancer from activating transcription from a 
divergent promoter,'^ Consistently, we have 
show^ that sns when placed between two enhan- 
cers insulated the promoter-distal modulator with- 
out affecting the function of the downstream tef 
operator. In addition, sns did not interfere with the 
trans-activating capacity of the modulator in the 
other direction. Taken together, these results rule 
out that insertion of sns between enhancer and pro- 
moter represses enhancer-promoter interaction by 
enhancer inactivation, for example by mducmg 
local assembly of a repressive chromatin stiuchire. 

As first shown in Drosophila, the directional 
enhancer blocking activity of insulator elements 
depends on the assembly of specific DNA-protem 
complexes. The gypsy insulator is perhaps the 
best-studied system with respect to tiie characteriz- 
ation of protein components that interact with 
insulator DNA. One of these components, tiie sup- 
pressor of Hairy-wing (su(Hw)] protem, bmds to a 
reiterated target sequence** and recruits the second 
component, the mod(mdg4) protein^ that displays 
properties characteristic of trithorax-group (tixy 
cenes^ The BEAF protein binds to the sc^ 
Sisulator^' which characterizes a class of chromo- 
somal elements found at many loci.^ Interestingly, 




FiBure 6. In vim competition of sns hinction. Trans- 
Kenic einbryos were obtained by microinjecting Ac con- 
fScts draWn below the fluorograph with or w.thou an 
^ of either BoxB or BoxA «ligonudeotid«. Black 
boxes represent the modulator array, the large shaded 
triangle L sns fragment. RNase protectton cxpenmente 
Sere^carried out with total RNA .^f^escnW mtj 
legend to Figure 5. Lanes 2 and 7: mjectjon of M3(>sns- 
the enhancer is blocked. If^ 3. 4 and 6: c^^- 
l^ ot M30W:AT and 40-fc.ld (bne 3) or 70-fod 
nane 4) excess of ligated BoxB oligortudeobde or 70-fold 
(iS 6)S of Ugated BoxA oUgonudeotidc relives 
STbliS^ sPinjection of M3(K:aT; enhanmr 
Activity of the modulator array. Lanes 1 artd 9 show rel- 
evant l»and£ of DNA markets. 



seven tandem copies of an oligonucleotide contain- 
ing BEAF binding sites has partial enhancer block- 
ing activity.'^ The capability of tiie chicken HS4 
insulator to interfere with enhancer-promoter mter- 
action resides in a 42 bp fragment that contains a 
binding site for the CTCF h^nscnption factor- 
Binding of CTCF occurs also to several vertebrate 
insulators and to the unmethylated ICR (imprmt- 
ing-contiol region) that displays enhancer blocking 
activity to contiol imprinted expression of the Igf2 
gene.*^*' Therefore, it is not surprising that the 
directional enhancer blocking activity of s«s 
depends on specific DNA-protem interactions. It is 
of some interest that, while the enhancer blockmg 
capacity of the gypsy, HS4. and to some extent the 
sirs' insulators relies on the recognition of a smgle 
or 'a reiterated binding site, sns contains three 
different cts-acting elements. Our results strongly 
suggest that aU of these are needed to prevent 
enhancer-promoter interaction. In fact, deletion of 
either tiie Box A palindrome or the 14 TC repeats 
completely impaired sns function. Furtiiermore, 
microinjection of excess Box A or Box B and very 
recently GAGA (not shown) binding sites reUeved 
the inhibition of the modulator In the sns-contain- 
ing constructs. The most plausible explanation of 
the in vivo competition results is that the excess of 



^^t^Mitv hv cooperative interactions oetwewi «>" 



«M«rv>fe for binding of factors to Box A ana wu 
sTSfiTprotein-DNA complexes (not 
T Trtf inS the palindrome fonns a 
f jip1^rstSSS'high?r conned -ong 
tte nravSolyadenylated histone mRNAs, from sea 

one of the signals recognized by 3 pre-histone 
mRNA processing machinery- ;^pnHfied 
A second cis-acting element w3S tdentihed 
wi^inX pyrimidini tract J-t contaujs 
GAGA repeal in the inverted onentahon. Based 
S^n eSa analysis, spedfic F^^ein mt«ja*ons 
cSir at the GAGA sites of sns P^^S'j J 
GAGA sites located upstream of the 1^^^"^°^" 
btor the enh^cer blocking activity o s«s 

S tde^dent of oiienution." it ^ ^^^^^^^ 
assum7*at protein(s) related to a Drosophth factor 
Shkh binds GAGA sequences might be involved 
mechanism that interrupts the mterachon 
brtween enhancer and promoter in sea urchm. Dro- 
l^rC^ factor I a A bindix^ p^- 
involved in chromatin remodelhng P'^^^^^. 
GAGA factor alleviate^ in ^^"^b*"^^^^^ 
NURF, the repressive effect 
parto^tes in the assembly of the s^^^^f.^^^y: 
Sm^^Troteins at PRE « Interestingly, bmdmg o^ 
Ltors to GAGA sites occurs in the spacer brtween 
DtosophUa H3 and H4 histone g«^es,^ f^d 
«cent eWdence indicates a direct mvo^v«n^to 
GAGA factor in msulator artivity. GAGA factor 
binding sites, found at the PRE adjacent to fl;e Fab- 
TL^ltox, cooperate with Fab-7 to mainum d^e 
soedfic parasecmcnt domain of expression of the 
KiSalllSve In addition. mutaUon of 
GAGA sequences within the insulator o the even- 
slupped bcus affects directional b ockmg of die 
enhancer « Despite the sunilanty of the bmd- 
site and the apparent involvement in msubtor 
flection, the sea urchin protem differs ft;om the 
Dr^oph la GAGA factor because a Drosophzla poly- 
S3aati<;AGA factor antibody failed to super- 
S^the in vitro assembled nuclear protem-DNA 
complex from sea urchin (not shown). T^e cloning 
of the sea urchin GAGA factor encodmg gene 
should clarify whether the Drosophila and sea urdi- 
m factors are evolutl-ary and functionally related. 
One working hypothesis, currently under investi- 
SSon, is that inYeractions betwmi ^^e prote^ o 
L- and the proteins bound to me gAjA Sit^ of 
the H2A p^moter, prevent the H2A enhancer 



from acting promiscuously to activate^iption 

ofheteroloW-^.ly^;74PSSrdement, the 
With the exception of ttie GAt^A f*^^ ' 

mA^SSr^pti^n unit of &ie sea urchin Psammc- 

Cerent ceU types (unpublished results). 
^rSncSs.Xwe have extended our previous 

weU<haracteri2ed insulators m a "T^'^^^^y^ 
We have now identified cts-actmg sequences 
luiri lor Srectional enhancer blocking act.^^, 

S^lTnS^nns of toulato, «bon. to 
where insulator action might be benehcial. 



Materials and Methods 

Construction of plaamida 

Plasn.id6, schematicaUy drawn in Figure 2 w«c 

ffiigated with a blunt '^dcd PNA fra^ent coat^ 
in* the modulator sequences. Plasmid 1 that express^ 
C^T gme imder*e control of the tet operator and 
Z CMV p«3inoter, was <=o'««"<=«l ^ ? w1 
operator ^ the CMV promoter from "J5,P^JJ| 
p^^id- into the Xhol rescncuon s.te «i *«J^^^ 
vector » Flasmid 3 that expresses the CAT gene under 
Z7onJol of two enhanc^, the tet op^ator and*e 

^ent containing sns was dor>.d mto plasmui 3towc^ 
Ut operator and the modulator sequences. The EGFF 
eene (Clontech) fused to the promoter was cloned in 
£^ oStion upstream the modulator of plasmid 
ft^tate the consumer containing the d'^^^ 

^ni£L was cloned into the S.n sit. upstream of the 



5-aalng sequences of a Sea UfcNn Insulator 



t, prom<.t.r of rhe pBL<:AT3 J° ^^^siK 
r^iA vno-sns-CAT sns was inserted into »c AJWi si^' 
the -S'' -^,^*^^A 
The sns fragment was isolated by Hpan «Jf 
SriSn^^ digestion of the Sacl subd^ of 

Am sns deletion fragmcftK were obtained from by 

<^»Tn«,K were cloned rcspcchvcly m the Xm ana 

^ffSt^TcS^SHoc^S in ^y^^^^^z 

the modulator and the tk promoter of^the M30£AT. Ihe 
pSsmids used for the RNase P^°" f'^f 7"^*^' 
feSjSERT-CAT and GFP, wer« obtamed as foUows. 
tS^K^ contains a 258 bp pUC fragment mser^ed 
J^^^STSe mk promoter and a CAT a^g subrep^ 
afd^ed.^ TT« latter bears a 344 bp fragment of the 
EGFP gene 



DNase I protection and eleclrophoretic mobility 
ehift assays 



Sense and antisense stts end-labelled fragment^ span- 
x^TtiL^gion betw^ nucleotides 2 and 157 
SSiiS by rck. BSA or nuclear extracts from P. J«.4« 

a^ label^ fragments. After 20 minutes mcutatim, 
S^pSv^ di^ with 5 ^g of DNase I m 2^ mM 
Sr^o* three to five minutes at 4'C, phenol exfracted 
arS baded on 8% (w/v) denaturing poiyaoylamide 
eek In EMSA experiments, throe different sns pob« 
assayed for binding activity « vitro: Box A Box B 
doublG^t^ndcd oUgonuidcctides (see "«?P«"8"Pjl,^°' 
sequences) and the C + T containing 
rSg nucleotides 137 and 262) obtained by PGR. 1 ng of 
^labelled Box A , Box B and C + T probes were meu- 
bated. for 30 minutes on ice. with 5 ng of nuclear 
extracts from sea "^chin embryos at gashuLi stage ai^ 
2 of poly(dWC)- (dWQ in 20 nl of 10 =^ Hep^ 
(pH 7.9); 60 mM KCl, 1 mM OTT, 1 mM EDTA 4% 
FicoU In the competition experiments, unlabcUed hom- 
oloeous or heterologous probes in the amounts described 
•m%Ye legend to Hguie 4 were added to the premcu- 
bation nfixture prior to the addition of the extracts. 
Binding reactions were run on non-denatunng polyacryl- 
SSegels in 50 mM Iris, 50 mM H3BO3 and 2 mM 
EDTA (pH 83). 



List of oligonucleotides 

Only the sense strand is reported. Jteidues of *e fol- 
lowing oligos lefer to the first "^deohde of t^«ts 
sequence shown in Figure 3 accession nun*eTY0906Z). 
S A: CAAACCTC^CACCTCAACGGCCCrrATCA- 
GGGCCACCA (spanning nucleotides 32 to 70); Box B: 
XCTCTCTGTAATTCATAATAGTCTCTGTAATrCATA 
riudeotides 90 to D%C/u^^CT- 
CAACACCTCAAC (spanning nucleotides to sij, ik. 
CrCAACGGCCCTTATCAGGCCCACCAA (sp«nn«i8 

Si^Sdes 45 to 71); crc)i4:CCTcrcrcrcrcrcrcr 
crcrcTCTcrCTCTGTcr ("v^^sj^'^^^^^J^^^^ 

234). The GAGA oligtmucleotide, 95GAGOGAt,AOfl^ 
gaGaGaGagaga, spans nudeoudes -200 to -1// 
from the transcription starting site of the H2A promoter. 



Microinjection and transflene expression 

Piacmids were linearized with HmM or CM restnc- 
whose sites are located in 
reSons, 5' and 3' to the CAT f^'^:^^!*"';^ L^^^ 
nia<anids Were brought to a total concentiation 
S'^n^SttTwolTexce^ -^SfSirS 
? S^iTsperm DNA of roughly 5 kb. UnferhUzed e^ 

S^«vd embryos «ised up to the eariy 8^^* f £ 
^hours devctopmcnt). 3000 un^^jected mjryos at the 
^TdSelopmStal stage were *«>added as c^. 
and embryc^ coUected by low speed centrjugabon^ 
Tbtal RNA was extracted by one hour mcubabon at 
5?C Ta solution containing 200 ^/ml Proteinase K 
L p^l «*«^on. Nucteic add «mpl« w«e 
Ssttd with FNase-free DNase l and RNA ftc^m ») 
SSected embryos was hybridized pPlUTP- 
SdVntisense CAT or EGFP FNA 
^the mA-spacer-CAT and GFP plasmids. Hybndis- 
^^^Z^^ digestion and gel fractionation 
oro^RNase-^sistant hybrids were as pre^aously 
described.^ 
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Tetracycline-Regulated Gene Expression Switch in Xenopus laevis 

Patricia R.dgway. Jean-Pierre Quivy. and Genevieve Almouz^^ 



Xenopus is a weU-characterixed model system for the 
invS^ion of biological processes at the ^ol^f^, 
and developmental leveL The successful ap- 
?• oH^; a ranid reUable method for transgenic 

By optimizing conditions, tetracychne repressor in 
dL^^^Sion of a luciferase reporter g^e was 
i^y^^Xoducibly achieved in both the Xenopus 
^"^^d^S^ingembryo-Thishighlevdofexp^ 
^^effectively abrogated by addition lo^l^^^ 
o^te^cline. The significance of this ^^^^^ 
SsSSr studies of chromatin dynamic « d develop- 
mental processes is discussed. c«)ooAc.d«., ^.e» 

STw^^: Xenopus; chromatin, transcription; de- 
velopment; gene express ion; tetiracychne. 

INTRODUCTION 



The Xenopus oocyte and embryo have provided pow- 
erS modeUystSor the elucidation of mec^m« 
governing cellular and developmental processes [1-41 
fn ttiTSIe of the embryo, the description and use of a 
rapid and rcUable Xenopus transgenic approach [5-8] 
have Sen a new perspective to Xenopus developmen- 
S studies 191. This approach permite the overexpres- 
of g^ue products in every ceU of the organism or m 
a s^ific tissue. With this new technology comes the 
nidTLfine parameters for its effective application. 
Tnduding the adaptation of existing transgemc meth- 
odologies One of the invaluable features of the Xeno- 
ous (Scyte system is its capacity to efBaent y tran- 
^r^SignVs encoded on microin^cted pl^^^^ 
following their assembly into chromatm [1. 10-13 ■ 
Recent evidence has suggested that Processes regulat- 
chromatin stability are linked to the txanscnp- 
tional regulatory machinery (reviewed m [141). high- 
llting Se need to examine nuclear processes m a 
chromatin context. Since both transcription and reph- 

• To whom reprint requests should be addressed. Fax: 00 33 1 42 
34 64 21. E-mail: almouzni@curie.fr. 
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cation can be assessed on templates asse°ibled mto 
cSomatt^ using the Xenopus system, regulatoiy ^Is 
Tr Z ir^ the Xenopus oocyte or embryo would have 
import appUcations for the study of mteractio^ 
^tw^r hromatin and the transcription and rephca- 
STSrc^ery. One such regulatory tool is the tetra- 
cycline-mediated gene expression switch. 

Tetracydine-controlled gene expression was first de- 
scriS Ty Gossen and Bujard in 1992 and t^izes ^ 
verv specific and high affinity bmdmg of the E coli 
ScycS repressor protein (tetR) to its operator se- 
quence (tetO) [151. Using a fusion protem consi^^g of 
tetR fused to the VP16 activation domain (tTA) m 
S LaS, a luciferase reporter gene was a^vatedup 
to five orders of magnitude and "turned off" to b^al 
tevds by the addition of low amounts of tetracychne to 
l^lLsue culture media. This tightly regiJated geneUc 
s^^ has been employed in a variety of studies wh^re 
conditional gene expression !^ 3^, ^J^^^ft 

used successfiilly in transgemc mice [16-181. where it 
^particularly appealing when the gene P^^^i"^ 
der study are toxic or inhibitory to embryomc develop- 
ment T J address more diverse questions, the effective 
binding of tetR to its operon sequence has been ex- 
ploit for purposes other than gene regidation. For 
eWe it has been used in yeast to mark a specific 
::^n of DNA for mapping of sister ch^o^^d sepax^ 
tion with a tetR/GFP fiifiion protem bound to ^ array 
of tetO sites [19-211. In the context of chromatm, tetR 
wrd^iiStrated to form a physical boundary ton^ 
deosome mobility in an in vitro Drosophila assemb y 
trrtSreby establishing a means to JUn^i^y 
ialyze the chromatin remodeling machine CHRAL 
[221. Here we describe, for the first tmie. the optamal 
Conditions for successful appUcation of this tetracy- 
cline-regulated switch for in vivo approaches m both 
the Xenopus oocyte and embryo. 



MATERIALS AND METHODS 

Antibodies and Constructs 

DUHC13 3 contains seven tetO binding sites upstream of the mm- 
iirSS Promoter driving the luciferase «porter and 
^15.1 expresses tTA protein. Both ^-^^^^^t 
Robine and have been previously described (15). mKNA 
tSLibed in vitro from the pSP65tTA plasmid constructed by m- 
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BomHldigesUonaiidUgation MWE4teto was^ ^^^^^^ 

orientation of constructs f«f ^f^^jS^cS-responsive 
^oclonal antibody y^^l^J.^f^UX^ 8632-1) and was 

protocols. 

Xenopus Microinjection Strategy 

protein expression and ^•^'^■^"^^f "^fJ^P^J^Sl injected into 
?rA-reg«lated Indferase «P«^' g^^^- 200 ng/ml tetracycline 
the ««\'*«/^,l"*^fora fXrIl time for chromatin 

hydrochloride (Sigma) for a further ^ expression. Ten 

Jsembly on the reporter P»^^^ .^^^"J^^'J^f?;^ buffer. 

Fertilized &nopus eggs were f^^*'^" "".^p, , , reoorter DNA 
stage of d-elopment ^5^) Pg o^pUH^^^^^ 
and various amounts of tTA^A in a ^ ^ 

83 previously described (3). Embryos were m Alternatively, 



RESULTS 



TVonscription Ana/ysis 

forming a supercoUing assay ui V^fj^^^J"^ S^S^^ anal- 
was performed with a Phospholmager (STORM). 



SupercoUing Assay 

with «P by random priming CAmersham BeOipnme u ~r 



Tetracycline.Regulated Gene Expression in the 
Xenopus Oocyte 

It has been reported that the responsiveness of tet^ 

■ J „^ v,« tTA usine a transient assay, ine tiA pro 
■^i":i^rSucSta th. oocyte 

r^r^ed the activation threshold using 5 ng of mi- 
^X^X^r DNA when -injerting in^asmg 
cromjecwsu t- confirmed that tTA 

^'^^Sat an increase in activation of tr^^-P" 
:Z Torn this reporter could be ^^^^f^^^Z^Z 
ng of tTA mRNA, with 5 ng of ^^P^'^^^J^^^p^t^f 
I optimal induction between 60 ^d ^5 ng (^g- ; 
The amount of tTA mRNA required reac^ «pti 
rnal level is within the previously reported hmit ot lUU 
Tof Sr^tat can be expressed by a single oocyte 
?lol F^ort available for luciferase protem expression 
To ^X to be ^itmg sin^ l^cifera-^^^^^^ 
reaches a peak at 45 ^Soimiect^ ^^^M¥.g^^^h 
indicating that when high quantities of DNA are re- 
tr'anscription efficiency ^^-^^ ^^^^^^^^ 
Lalysis of the resulting transcript rather than the 

^triJe^StStivity from the pm^^^^ 
subsequently used as a measure of tTA-regu^ated ex 
;ressrof low levels of reporter it h^^bee^^^ 
characterized for transient assays m tissue culture 
tZTs Sl, 321. Figure 2A jU-trate^ ^he e^n^^^^ 
tal strategy taken for introduction of the ^A. P^^f^ 
Sd luSse reporter and analysis of P-ducmntii^ 
Xenopus oocyte. With this st^te^ a^eof^^^^^^^ 
of both reporter plasmid almost 
levels of reporter induction (Fig-2B), ^^g^. 
50-fold induction of luciferase activity ^bove Wl^ev 
els expressed from the reporter -^t^"^^, ^jf ^gj'^g 
vator An optimal induction was reached when 25U pg 
of ™ter and 15-22 ng of l/TA mRNA were microm- 
tSTSce'no sUc-t increase in activation was 



A tTA txotetn expfession 



lupferase uanscript 



il^tTA protein 




ng tTA RNA injected 



Se Sci1.3 reporter, (upper panel) T^P*^"^/^]^^^; 
SrI^A W 5 ng of pUHC13^1udfe«se ^^^^ 
reverae transcription as described 53 gi^en at 306 

The expected size of the reverse transcription product is given 
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^ A the increased tTA RNA injected. This 
detected despite the mcr ^^^^^ ^.^^^ 

suggests that th ?^ 2OO ng/ml of tetra- 

"'"r't r cStu^ media was sufficient to com- 
eychne f/^tHSTinduction (Fig. 2B). Therefore, 
pletely f^°f*f*^d reporter DNA produced condi- 

SleSilato^ system in the Xenopus oocyte. 
Tetracydine-Regulated Gene Expression during 
Development 

f fi,o >,mh soedfidty and the low toxiaty of 
Because of the mgn specuw-itjf « ici vve 

^ Sa to define the optuMl 

^^S^e^midblastula t^^n ^^^^^ 
k^eW«e«^^^ 

^^SlSr^e^Sf-over^^^^^^^^^ 
maintained throu^ early <i«^«^°P«^^°\^„^lSa 
activation at stage 19 producmg over 20^^^^^^ 
W above levels with the reporter alone. By stage 27 toe 
S of aLation has dropped to 74-f<Jd, "^Jf 
'rmidmallixnits of the system |^^y^-:';^^i,^f^e 
by this stage. Significantly, "^^^^^^ffgc^^^i^ 
reported to decline following gastnilation 135], whicQ 
SjISect the inability of even high levels of mjected 



f fT4 mRNT A of 0 15 30, 45, 60, and 75 ng/oocyte was 

measured by a luciferase assay -/^^^^^'^i 3o!?^S.d 
Methods. A range of amounts o. a A mRNA ot u, 10, o . 
75 ng/oocyte was injected as indicated. 
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V' 



^Jf^ \ luciterase 

^7 tTA protein W luciferase 



□ no injection 
■ pUHC13.3 
^ pUHCl3.3H<TA 

□ pUHC13.3+tTA+tfit 




mni^ 1^ ■ 

oocyte. (A) Expenmentolsttategyfo^ St^e VI X^nopua oocytes 
expression system m tl^ ^^P^^^ coUagenase as previously 
were surgicaUy removed and t^'^^™ was u«ected into 

I^lll. 231. i-^-SS^A^^ly il^i at 16-C 
the cytoplasm of oocytes, ''tf^^r^^^oride (Sigma) to aUow 
TeSt W- 200 y-lt^txa^^^y^^XlShlater 
tTA protein exp«ss«naadac^^ ^^5, i^ected 

the i^TA-regulated luciferase ^^P^^^^ j^cubation continued +/- 
i^to the nucleus of the ^^^^^^^^^r chromatin assembly on 
tetracycline forafuxtherShto^-^^^ 
the reporter plasmid and ^^^'^^"^iatograms illustrate the 
ludferase activity m Xenof^ ^SS^liWvmttTdetected in the 
levels of luciferase activity, ^ relaUvc Ug^^ - ^^^^ 
equivalent of2oocyt^.fi^mtJeh^isofa^to^^^ 
variable. I^els of mducuon^dite abrog 

Sml tetracycline are «l«>-^^^f ^^£^^'5. 15. or 22 ng of tTTA 
ffl^^traiSripS^^tLuon and fold aCva.on 
+\fTA are indicated. 



^^Vr^A »^ ait a« 



f <.vtracts and that this level of 

em blotting of ^ Jirly embiyonic develop- 

-^^^f.^^SjAS^be^ns^vm to persist 

for many months at lowie^e'b^ integration into the host 
133, 351 probably ^^^^f^^^^e pattern of induc- 
ceU genome, suggesting "'f^^ "J^^^ stages of devel- 
tionU be achievable even ^^^^^^ 
opment using the protocol ou^ed m^^ 

were able to detect ^^^'^^tS^^Sge 43) (data 
reporter to the swummng larvae stage ^suig 

not shown). ^each its tetO 

Although it IS '^^fJ^^^^Z. in the embryo. 

binding site to a^t^^!i!„^Scate that tetracy- 

results from these e3q)erunent8 mm 

cUne in the culture °xed.aha^ no eff^ 0^^^^^ ^^^^ 

tion(Fig. 3B,.gray^sto^^X 

cycUne titration espei^ent^a^^^^ 

was observed usmg 200 ^"^^^ of tetxacycUne 

cline (data not shown). Very ^^ '^ ^3 fo^ o.2 

caused an -rest ^ deveb^^^^^^^^ 
mg/ml and stage 7 m the case ot/;n^ expression by 
tefracychne-mediated ^^-^f/j/S'ue^ulture ceUs 
tTA can be effectively achieved m^s ^ 

rapidly e«tablished^wh^^ ^^^^^^^ ^ 
can reduce levels o^^^^'St ^il^.^eW tetracychne 
genie mice implanted with sloj^^^^^^ ^ ^ 
pellets, but this is often ^^^^f J^S^eaei with 
^plantation tX61 and ^^J^^^^^^^ U6-18] We rea- 
tissue type have ^^een ^^3^Xbe more resistant 
soned that Xenopus emb^os ^j^^ from the 

than oocyt^ ^^L^S^^^s q^^tS we coinjected 

culture "^e'i^^-.I^^t^S;?^^^^ 
tetracycline with t^A r^A ^d rep ^.^^ 
than adding tetracychne to tiie cmture 
this protocol, tTA-"iduced acuv^^^^^ 

aboUshed by tetr^*^^!."rXrld not change the 
racychne with the reporter alone oiQ u | 
bas'al levels of luciferase e^ressio^^^^^^^ 
ination of ludfer-e ^^-^^^^^^l^^ pUHC13.3 . 
(compare PUHC13.^^^ ^ remar^ble considering the 

tTA + tet ^^^^e^f^^^^^a ^hutoff detected in Fig. 
lack of tetracychne-meihated snu 

3B at a similar stage °\^^l^^^^^,^^^e of tetK 
histogram). ^^^t^^^Slyl^ Achieved using 
from its ^«<=°g^ti°n site can^here^^^ ^^^^ 

the tetracy- 

SS^egulated system in the embryo. 



To regulate gene ^pressionineito^eo^J^ 
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Stage of development 



fTA RNA i 
injected | 




FIG. 3. Tetracycline-regulated gene expression ^^J^P^_ 
devetopment. (A) Experunenta! strategy in developing en1b.708.Fer 
Sed Spus eg^ere coinjected into one blastome« at the 2.«U 

Sate lucif«^ activity, in relative Ught umts, 'Jjf^^^^J 
embryos at various stages of development 124] as defined beneath 
from Xeaopus Molecular Marker Re^urce at_ht^7/ 
SS.ute«s.edu/). m each case. 22 ng of tTA RNA «nd 50 pg of 
IuHCl3 3/embtyo were coinjected and embryos ^^^^ ^'' l 
S tetocyctoe. Fold of activation +tTA ^^^ndi^ted for each 
Eopm^t^l stage. (C) ExP«f on of the ^A m^e devd^^^^ 
embryo. Leffc pictures of control (top) and "Ejected embryos w^to 25 
„!fVrA.WMA f bottom) were taken at the stages 12 and 25 according 
^[iflS^SSSSwranalysis of the corresponding embryos. 



FIG. 4. Microinjection of te^^e - r^ateJA^^^^ 
Histograms illustrate YLTuISS^) of^velopment. 

£^ch"cL^;roTo/;ffi-^^^^^ 

embryo of approjdmately 500 ng/ml. 

template assem> into chromatin. Therefore to ex- 
tend the use of the induction system for analysis of 
SiSLtedrep-r erDNAassembled into chromatin 
^^^refin^ the conditions. Higher amornits of 
renoSr DNA are required in this case smce 1-5 ng of 
double-straSded plasmid DNA is the mini- 
Xlio^t necessary for effective chromatmassem- 
the Xenopus oocyte [361. We Imow from o^^ 
Jtial experiments (Fig. 1^1^^* ^ ng of reporter DNA ^ 
optimally activated by injection of 60-75 of 
r^A, Gidicating tiiat tTA-regulated gene expre^^o^ 
occurTon chromatinized templates, ^U^^r^^g 

as a tool eitiier for regulation of integrated 
?enes in transgenics or for in vivo chrom^*^ ^^^^^ 
However, when we increase the amount of reporter 
SnA background expression of luaferase is detected 
con«,mita^th a decrease in the activation potential 
(see fS 2B, 500-pg level, and Fig. IB, basa transcnp- 
tln level). The Wgh level of basal transcription from 
the minimal CMV promoter in this -ep^^^^^^f 
is not surprising since genes driven by the CMVpro- 
moter areknown to be highly expressed m the oocyte 
[21 To eUminate this background expression from the 
reporter and to assess the effectiveness of tins system 
in an integrated gene, we initiated a smgle-stranded 
(ss) template sta-ategy. It has been shown that ss tem- 



The^Aprotein is detected using aieTe^=-^o^-^»^ 
panel) and the total protein is detected using X3 
Cm panel). The equivalent of 2 embryos is loaded m each lane. 
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plates injected into oocytes are assembled ^to toma 
S during the process of second-strand synthesis^ 
wLhTxIpressive to basal transcnpUon (miU^ly re- 
ported in 121 and subsequently applied m ^ 12 29 
ffwe reasoned that the introduction of the tTA 

tg the effects of basal transcnpbon. I^.^^^.^;^""'^^' 

iiaine a reverse transcription assay (Fig. 5A). wnen w 
^template is injected, basal transcription is not de- 
Sc^aane 1) whereas the ^ouble-slxand^ (^)^- 
plate shows background expression 0^;^^ 2) as^^^^ 
Lcted Although both the ss and ds templates were 
Kmbled into chromatin (as indicated by supercod- 
SrSg 5B), the tTA protein was able to overcome tlus 
S;,Sftin-repressed state and activate tr^s^P^on 
(lanes 3 and 7 for ss template and lanes 4 and 8 for ds 
tempLte^Addition of 200 ng/ml of tetracychne to ^e 
^Se odture media turned off the expression of the 
Sene (Ces 5 and 9 for ss template and lanes 6 and 
?^ for ds Sate). Therefore this ss template strategy 
Tro^deraTgU related system to -anune que. 
Lns related to transcription from ch^matoi tern 
nlates in the oocyte. It also mdicates that the tetu 
Sg sites would be accessible to t/TA Protem m an 
SSed promoter and that basal e^^e^^*"^. 
wKnated, providing an attractive mechanism for 
J^gSSSg overexpression of otherwise deleterious 
gene products in a transgenic Xenopus. 

DISCXJSSION 




* ' corrected 

1 6 21 86 3 2 61 100 1 ^ %activabon | 



ds ss cJs ss 
2 3 4 5 6 7 8 9 10 



(TAmRNA 

60 ng/oocyte 

^ _^, tetracycline 

ss ds ss ds M13E4tetO 



, il 



In this report we define the optimal conditions for 
tetracvchne-regulated gene expression m the Xenopus 
r^rSform^iionpresentedinFig-mdeax^ys^^^^^ 
that the tn:A activator can be expressed to high levels 
S^fhe oocyte. Importantly, the abihty to assess the 
Sl^^ucSTof the tTA protein at the single-cell leve 
T^e Xenopus oocyte enabled us to dete^« 
high levels of tTA (expressed from 75 />f ^j^J^f^ 
Scan be introduced intoan oocyte vathn^^^^ 
deleterious effects on transcription (Fig. IB), ^gh lev 
eS of tTA protein can also be expressed m Xenopus 
embnros wit^^^^ gross developmental abnormahties 
(RgTc) X is of ^terest since the t^A protein has 
Sen suggestSi to have toxic effects [17]. We also Know 
t^A protein binds to the tetO sites smce it 



scription. (A) Tetracyclme-regu^ted E4 

of the E4 gene ^^--^2^.^^l^^-^-y ^^""^ 
oocytes was detected usmg^ ^r<^ext^cts using the strat- 
under Materials and Methods 354^6*0 alone (lanes 

egy illustrated in Fig. 2A. Esther 5 nJ^^^Snes „^ ^ 

^^^(^ra'^Srwasadd^.^e^^^^ 
(lanes 5, 6, 9, and 10). For each ''Tt^'-^^^^ion (A) and 5 
the equivalent of 10 oocytes ^^Z^a ^y i)- Each lane 
oocyte^ for DNA extraction and ^^P^^'^^ThTJ^.^^tage activa- 
^nts mRNA e^cted fr^^^^^^^oPATp^Sed tem- 
tion is given for each lane correrted "'^^^j left of 

plate as shown in B. Marker at 110 nt .^f^!^ "^4^ templates. 
^gel.(B)Chron«tinassemblyonmiaou«^13^^^^ 

The supercoiUng assay ^^^Sle were pooled and 

blyintheoo^. ^^^^^"^^^P. exS^on as 
lysed. with the ^Jf^^^^p, Saction and supercoiling 
described above and 5 oocytes tor uwa 

aasay. Lanes are the same as tas«i on the an^ount 

effici^cyof tbemicromj^jon was^tmmn^^ ^ 
of circular supera)iled /D. The^ifl^rent^ t^^^ 
indicated as circular supercoiled (I), relaxea t.ir;, tui 



activate, ludferase e^r«sion SO-Mi ^ 

r7tfe-sr.f^«£l5S 

'XCments in restriction-mediated transgenic ,ys- 
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t^ms for Xenopus [5] aUow overexpression of a partic- 
expression could be cantr^ed^^^^ ^^^^^ 

during a specific deyelopmentel 8te|ejr p 

svsWto foUow sister chromatid separataon to 
the study of audeai dymumcs m tta higher euKaryoo 

chromatin-remodeling machmes m "^^^f^^^Xr 

S/ifp.^^?^t^a^" 
^mes duriafm vi^ro Drosophila chromatm assemb^ 
lendiiig ft^er credibility to a sh^g ^f'^^ 
of a^tionTcHRAC. We are using tetR as a bamer to 
chromatin assembly to plot the P'^^J^ ,^^4^5 
tional repair coupled chromatm assembly 144, 4bj 

^Z'Ztion, we have extended the appl^on^f 
tetracvcline-regulated gene expression by defimng the 
S>^S P^am^rs for its use in both the Xenopus 
S aS^ developing embryo. In both cases condi- 
S egression of a gene of interest can be reliably 



„ihiv achieved, adding to the already well- 
S^S;S"-LnS:c,U.eX.^pu» model system. 
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^..onrfls Which general 



Qemm. . uriMlnch Alexander UnWersilSI 

B/e/e/eid, Gemany 
Summary 

l^tweentheTnrOencoded T^tj^^^^^^ ^^^^^^ p^^^^,^ 
vatlon domain of the He^es ^''^P ,^ ^gbacco 
VP16. was staWy ^^^'^^^""t^^'^^^^ p^lucu- 
^ ptants. H stimulates t-ns^^'j^^^^^^^^^^^^^ p^^n^otcr 

consisting ot 7 °P«"*°;^,'"',f„g oH opera- 
tor DMA, f^duces 5US expre^ ^^ggests 
of "«fl"«"'*«'™i:^'eTsS7to obstruct transgenic 
that the system can be ;° , product 
punts encoding a po^^n^ n^^^^^^^ 



Introduction , _ le « 

widely used tool ^ '^gaS). In addition, en- 

'n?meCet^n o» endogenous genes 
handog or ^^^^"^^^^Cntribution ot a defined ^ene 
helps us to ""de^^Jt^^ ability to control expressron 
product to the P^^^-^ "Sf^^^^ offers unique 
of a oene via a h.Qhly ^P^^'^-JJ^ functions of cer- 

opportunities to study me P^^^^"^. development. The 
S^gene products at different su^gesotd^^^^ P 

correlation of the ^^^^^'^^XX--^^ 
allows differentiation between pnmary 

^ 1993- revised 29 November 1993: accepted 14 
Received 7 September 1993. revise 

^^'^^ * (lax *49 521 106 5626). 

•For cotrespondence (lax **-3 ^'^ 



r oil ,r °;:."on„ Js. ,n,eHe,es ^ 

ducsd Stage, ard a.1 '"^f °" " The last re- 

promoters, that '^P""" >° , „„,a,. (Back el al.. 

,989). «""'^''^^.'*" ° 'rj ,990) less la»ofal>le. A 

transcn^tion ^^^^^^ .incepts of gene con- 

trol can be realized, i.e. pron k ^ pro- 

promoter-activating SV^^^-^^-^^?^;^^';,^ repressors to 
Lter^Vepressing ^vst«-^^t° ^^^^^ 
compete directly ^'f^^^^^fl, 1992; Wilde e( 
RNApolymerasesforbin^^^ 

a/.. 1992). Using **^^"'°^"^g__ineered Cauliflower 

~^^r(CaC)ys ^^^^^^^^^ three integrated 
Mosaic Virus (CaMV) ^=^ P ^g^j constmcting a 
operator sites - ^^^^^^^^ et a/.. 1992). 
Ughtly repressjble ^^^^^^^ ^ abolished by low 
The DNA-blnding a"^"*^ °*j7^f " ^ equilibrium asso- 

en^ounts of '''^"^""'Z^'^VSe^ 
dation constant of about for^^^^^^^ 
complex (Takahash' ef a/ 1986) ensu .^^.^.^ 
tion at Tc s.6 HiUen. 1990). 

growth of procaryotes f^^^^^^^,^,^ ..Auction of pro- 
Addition of Tc leads « ^00 to 50 ^.^^^^ 
moter activity throughout intact toba^P 
ot^iousinhibHionof^an^gro^ 

,n this paper we ^.^nsgenic plants that 

dependent express-on system m Uan^ ^ 
combines the features 3, organization of 

acth^Sng system. Becau^^^^^^^^^ 
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DNA-bindingpropert.es and me ^ ^^^^ ^^,1^ ^^^,3 
moiety (Gossen and J^a) stimulated tran- 

chimeric transcriptional ^"^"^^J ^l^^^r^c^ combined 
scription from a -^--terATronS To reduced gene 

background levels. 



two types of 0^^;?"^^^"^^ :;^^^^^^ contains the 
and target plasmids . The acuvaio h ^^^p 
"Ln^tTAgeneencodinga^^^^^^ 

(Postle stai, ^^^''^''''^^'JlZ^^.l,^ (Triezenberg ef 
490 of the transcriptwnal ^cfvator VPi o j ^^^^^ 

ridf b^repla^n^ the enhancer segoences of 



. r.MV 35 Jlomoter (sequences upstream from 
the CaMV 35S^ containing seven tei 

position -53) by a ONA g 

" fxoress on fn plant cells was assessed by 
activate gene express ^^^^ ^^^^^^ ^^^^ 

-:tZSr2.ena.e^^^^ 

information; . . . stimulate tran- 

(i) the VP16 activation domain is able to 

scription in tobacco ceils; ^^^^^^ 

get plasmid" alone. 



plasmid pUC-TetVPl6 




GTGCTAAAaCGACJnCACmigrCIAJi^y saabiTATA-BOXSt^Ji 



•CGAGATA6AGTGATaAGrnTC( 



D) Sequence o» the target pfomotar P Top 
rewtittenlnitaScs. 

■ggeneration process 

^oter in stably ''^^^^°''^^„^^TJol v^^c^ ^ers 
active chimeric genes on ^^^^^'"Tli^^xed gene 

ransfer (Bevan. 1984). As a ^'^^^^f ""^^ that 
seoe of the reporter «>nstr"c. b^^^ T^y^Uus Gus 
contains an intron '>';^^''^J^^,r.UrB6.ery 
tivity of transformed plant «ssu«^ is not 

earty after the co-cultivatton step. ^^^""^^^ J^^^ t,ans- 
properly expressed in Agrobactenum. Four drfferent 



,enic tobacco fines .e.e generate^^^ 

different chimeric ^^^^^[^Zr^^^-^^'^^ 
pTetVP16 encodes only the actn/ato 
pTopIO carries only the target ootnsi !^ ^^^q 
'chimeric kanamycin-resistance 9;n«. PjetVP P ^ 

contains bo^ --^^^".^^^^^^^^ on ^- 

potential inftuence of the ^ ^ reporter 
scription from the target P^crtej ^ Top ^.^^ 

construct was placed «l°*^^f/". ° .^^s was chosen 
gene. A t^.-to-taii f-^^^.^^J^^^^^^^^^ 
as a further precautton. PN°^^^^^^^^^ driving the 

f^SnTt?:-^^^^ 



Pamela V^einm^""^'^^ 




. did not express the gus gene, nei- 
-target construct d d not p 

t^er in the P-^"-;;;^,^^^^^^^^^^^^ with the CaMV 35S 
Explants from a control tra ^^^^^nneyt ef a/.. 

prorr^oter driving '''^^'^^[f,^^ tc effect (Figure 3c). 

^990) proved the ^^^^^^he pNosTetVP16-TOP10 

The slainir^ °\«,:'^r3d r^^^^ Gus activity only in 

transformation ('^'Q'^^^;"! L Nos promoter is active 

the callus tl. of tTA expression. In 

zrho:""^^^^^^^^^ 

obsen/ed. " 

, „mmnter P-Top10 in transgenic 
negulationofthetargetpromoterPiop 

P'^^ . TetVP 1 6-Top1 0 plants. 

50 st>ools (TOO, TopIO After 30 min the 



ran^PIB-ToplO. 36 days ^^'JT'^rT^l atto^ transtannation; 

(d) pNoeTetVPie-Top ^O./r^".: 
trationlnthomedlurnwaslmg. ■ 

• Pinnre 3(a) Gus activity is only detectable 
As shown in Figure SW.ou*. ^p^g-TopIO, when 




nguni 4. .n««ton o. - ^4 and 30. 0«wn 

gene. 



ransformant 



pmoUMU min-' mg'^ pio^ 1 



820 
1550 
3190 
1780 
1060 
1470 
2045 
6070 
7530 
13000 




nedium. 

^ ,^ix/it« was calculated to be 660 pmol 

inh«st exoressing plants varied between 7530 and 820 U 
St sa'p'ants were Kept .or ^unher^^^^^^^^^^^^^ 
-^«Ls from TopIO transformants and NosTetVP16 
"^Jsformants were incubated for 12 h in order to 
low amounts of activity. Under these con- 
Si ^MourioplO plants showed aGus activity of ca. 
S U A^vi es in Si the other shoots were indistngu.sh- 
Ste'f^m activities measured in untransfomied contro 
t^»!7in m To assess the effect of Tc on Gus activity of 
STw'^Toil O pT^ tirst compared «ssues which 
^rne Jy formed either in the presence or absence o, 
?^ T^us we avoided potential complications due to the 
of^he^^^^^ protein. The upper panel of Figure 4 
•h^f r^ts from plants nos 22. no. 24 and 30; the lower 
'^fsT^l regenerating shoots from explants taken 
ZplJ^^. 47 and from a transgenk: Piant expressing 
JToSsSene under the control of the Triple-Op promoter 
?cf^S ^negatively regulated by TetR (Gatz et al.. 
^) Eve aft?r stoning overnight no detectable Gus 
Swas observed in roots grown in 21^3 medium wifr 
^J^r^Tcindicatingavery stringent regulatio-^^^^^^^^^ 
io7using the fluorometric assay (Jefferson a/ 1987) 
■evea iJthat tissue fomied in the P^7"<=« ^^J^j^'"^, 
:allus. regenerating shoots) never ^^owed highe;^ Gus 
activity than untransformed controls, even when the ex- 
^were Incubated for more than 12h. Under t^se 
^tions. the Triple-Op promoter, which is inducible by 

values Ltween 100- and 250-fold 
^s L Top10 promoter in the presence of Tc yields no 
activity above the background measured in untrarisfomied 
. vol plants, we cannot calculate an equivalent numen- 
cai value for the efficiency of regulation. When shoots that 
had formed on Tc were placed on 2MS wrthout Tc. Gus 



rSa was prepared ei.h«r <«r«ctly Pj^ 9^^,^ wim 1 mg r< Tc 

48 h ln«i««on ^"^^'^^."J.^llng the gus gene undar 
TX+ and TX- RNA ot a ^'^'^rrZy,^ ,oade<J » demonstrate the 
mecont«.attheTc.indu«t.eT^^^^^^ 

(ragment. 



activity reaccumulated. which shows that the regulation is 
'%TJexpiants shown in the lower pannel of Figure 4 indi- 

■ T ti^ RIMA was isolated 3 months after quantita- 

the young transfonnants (Table 1)- All or mem 
again stringent sensitivity to Tc. 
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aftartt^ time points indtea^ abov^ "^^^^ 
l^ntoomaining the BUS coding region. 



Time I 

ti 
n 

was I 
2h,' 



TimecourseofTc^ependen,Guse>cpression 



SCOUraf"' ""f 

cuttings of plant no. 22 were n ^ 
culture in the greent^-se.W|^en me pl^^^^^^ 

.eigmof 40cm(i0.ea^^^^ samples 

At regular .nteo/ate ^^^^^ ^^'^ , ^^^^ each plant and 
were taken from the eight upper leav^^^^ 

Gus activities ^^ 0^% reference point 



. ,n 10/ of the initial activity, but did not decrease 
.n\he experiment shown here, the half life of the 
T"'- " in in Q e^nTobacco plants is ca. 3-1 days. How- 
'r^a nirdepended on the size of .he plant. When 
ever, the half life aep ^.^^ 

shown). 

C/,a.cte.zar/onofrr^axpress/onin.ar«gen/cp/ants 

■ T«tVPirand TetVP16-Top10 plants were 
Transgenic TetVPierana go 

analyzed for the ^^^^^^^^^^^ ^^^^ analysis and 
TetVP16 plants were chosen for RNA 

eight plants showmg sV"^"9 s-gnals « ^ ^^^^^^ 

analysis (Figure 8a). ^^'^P^^^^'J^rtefR mRNA. which 
detectable, thooghless — 

was isolated f^^^J f '?^"vpi6 and pTett areidenti- 

''rrUr e^he amount of RNA loaded we rehy- 
reg.on. To 00^ ^'°' " ^^^e. which encodes a nbo- 
bridized the blot ^th the S4 pro ^^^^ ^^^^^ ^^.^^^^^ 

somal protein (Devi et ^''J^ 'q^^j it appears to 




TelVPlS-TOPIO 




Days after Tc-lnduction 



^ich showed <lf;;;» analysis provides 

were In the same ^^"^f^/^'l^^^.p.essicn in transgenic 

operator complex. 
Discussion 

we h... ^^^^ ' '^^VTZ"^^ 
"""""" 1 chS ^^rteir (tTO corste*g ol the 

xrps::==;=- 

in plants. 



Transtenf assays 

Transient assays proved that tTA is functional in plants^ 
^-^TZl ^pectJJ in view of the obse.at.on that me 
add domain of VP16. originally encoded by 
Sno/eJ virxjs. can activate transcription <n a vanety of 
ZsZ:^e yeast (Berger a/.. ^3"^^^, 
0^18 (Sadowski ef a/.. 1988). inserts WamP'e ^ 
Kadonaga. 1992) and plants (McCarty et aL. 1991)-J^ 
7^. otl^er systems, we ob««-\'«'"/^"^,,:J^ 
at higher tTA concentrations, which indicates tha tTA 
InS wHh some compor^nt of theJ^^^P^"^, 
machinery, even If It is not bound 
M a/.. 1990). At optimal concenuatlons. the ^rt-vlty oUhe 
tTA^riven promoter is higher tt^an the actvrt^^m«l^a^ed 
by the CaMV 35S promoter. However, its background 
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thP activator was rather high 
activity in the absence ^^f the a^^^^^^ ^.^.^ 
(10-18% of the opt-mal tTA depeno^ ^ ^^^^^^ 

upstream of the T^^'^^^" ,^3,3. we have shown pre- 
site that is recognized .n P'°^°^^ ^^ediate 
viously that the operaujr sequent ^^^^^^^^^^^^ 

activation (^-^^/'^J ,^',1,^^ vector do not confer 
between +1 and -50 in ^ ^j^ition of Tc 

promoter activity (data "^^^^^^^^^^^^^^^ 
activity of the reporter c^nst^rt^^^^^^^^ 

Obtain^ easier in st^^^^^^^^^^^ at 2 mg 

cells (Gossen and Buia^. 1 9« ) .^^^^^^ i„ 

TC. a -"f;;^^"'^?'^^ s^^^^^^^^ inactivated. 

the repressed system, ti a ^able transient 

These results are in <»ntrast to co p 

expression experiments ,n "^^.^^^ ^^^Ji"/ ^A-dependent 

,owerTcconcentrations«>r^^^^^^^^^^ 

activation (Gossen and Bui^rd. unp .^.^^^ 

ir, stably transfom^ed plants even mgl Tc ^^^^^ 

rr-.r:rpj^ajj.,^^^^^^^^^^^^ 

scription(Gatzefa/.,1992). 
Stable transformants 

regulation factor of at least 1 xj^^ (Gossen a i 
1992). Gus activity in ""t^ansforrned p ants an<^^^ 
Topi 0 plants grown in the presence of Tc was i u u 
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„a^.. .a.i..l was ™» ^00- 

(Old. bul it .s v.ty 1 kely tM ms ^ 

""L^BS^d nd /cp«mu.> =o.d,.»n.. This 
does not exceed 500-toia J: , _ systems are 
confirms the notion that P;°-°;^;^^^^^^^^^^ genes 
more efficient for the tight ^^Qu a^n ot .n 
in higher eucaryotes than l^^;;'^°^X,^:,^ the fact 
sterical intederence. l"^^' "^^^^ ^^^''^^ Ze^ to their 
that transcriptional l^^T^U endo- 

target sHes. -^^^^^V^roTs fo bnS Thus, higher 
genous transcnption factors J^""'"^ 

degree of ^^^P^^^^^lJ^iT^^^^^^^ 

regard, the copper-controlable gene exp e .^^ 

50-lold under optimal ^T' ,^|a,o„ 

er^:^S and t30 000 U.one selected p.ant. 



.B9).noorfw^-^^^ 

and its Trip.e-Op activrties medi- 

and30000U,nrepjsen^^^^^^ ^^^^^^ 

Too and 7J0O U^^^^^^^^ 
between 1200 3"^/"^" Jl^j.-.j-n we cannot relate that 

variations of the ^^'^'^'^'^J'^'ZperA^^e system. 
,0 the 1200 U reported for the «.PP ^.^^ 

Direct companson °*J^^JJ ° .^g 
CaMV35Spromo^^^^^^^^^ 

activity .s three to five times ^ ^^^bleKierivative P- 
CaMV 35S promoter ^"^'^^^'.^J't^the closely linked 
Trip.e-Op.Thisfeat^ m.^^^^^^^^^^ ^^^^^^^ 

location of t^^J^^^^^^S^^^^ against high tTA 
struct. Because of the co""^^^'* ^ y.^^A inte- 

.session Fjgure ^^ ^J^^Z. have 

-?-.^\op^rst^^.^^^^^^^ 

t8diic«Jtiaiiscriptioiiotthe("Seii«_™'"- I, 

- "*r«o" " 

remains to be multiple T-DNA inser- 



Kinetics of the regulation 

a,apidinaa.vationotTem(QaB ^ 
SSSLed^t.adeoayr«eo.l|^^an;.J«^^^^ 
ova, auggast »^» ■ 'l™ ^ „„aet the ooo»Pi ot tha 

rar4r^r:a-»aSg,aat..atmasystaa.,s 



two proteins. 



expression of tTA in transgenic plants 

■ t assays already indicated, that high levels of 
The trans.ent ^ss^^^^^ ^^,3 .„,ibition of transcr.pt.on 
,r/Vexpress.on might lead to ^ ^^^^^ ^^^^ 

due to squelching effects. 

TetR (Figure 8a). ^7,^^J .!.„.g„e between TetR and tTA 
expression levels- 0.1^ ^^^^nt 

Tet1#2 as 6 W of the TetVp16#17 

of operator enccKl ng D^^^^ ^^^^^^^ ^^^^ 

extract, '"d'^^^ting that tobac«o P ^^^.^^ ^^^^^ 

toWlesstTAthanTeta Ho^^^^^^^ 3 
on the ^«"y^P;Xt^^^^^^^^^^ stable in the cn.de 

extract as TetR. 35S promoter (Sanders 

However, It has oeen uo ^^,1 

■ as wound ir^ucib^ ^f^^^'^/Sfexpression is higher in 
Therefore it is very ''"it^^' 

fto^m^wgetpto^te'^ established a Tcdepemient 

and protein decay rates. 
Experimental procedures 

Plants, bacterial strains and media 



Reagents 

S'rc'Si7co"=<s';. Srus« "e- .0,™s«* 
Germany). 



under a 16 h l.gtit/8 '^^^^^'^gS) a^ntainfnfl 2% 

sucrose (2 MS). ^^^^Z^^ura) waa cultivated using 
search Laboratories. Qf"*^™^"'f ^rotaCeriu/n 

standard techniques (£bZe et al.. 

tumefac/ens strain C58CX1 "^^^ , ^ 

1985) was cultivated in YEB medium (Vervt.et etal.. 19/S)- 



Recombinant DNA techniques 

St^ard procedures were used tor recombinant DNA wo. 
(Sambrookef a/.. 1989). 

Constructs T«tVPi6- 
.c«agramotthe;in.^nst^^^^^ 

pTet1 (Gatz et^l^]^ll^ ^^J^^^r and the octopine synthase 
between the CaMV f^S promot g^^^, 
(ocs) trar^scriptional term.nator wa^^ ^^^^^ 
Sph\ and treated with T*-Po'y'^«?^y° % ^ xi»l. Sa/I. Psrt 
RSttgationoHhe vector result^^n^^^^^^ 

and SpW sites ^^^^^''''''^ZS^^^^^^'^'^^'^'"^ 
tional lem^inator. The resutt^ng p^^n^d P ^^^^ 

Xbal and BamHl in o^l^'^^^. ^jS^^^^^^^ tTA was gained by 
from amino acid 3,The ^d.ng ^^^^^ B^j^rd. 1992) 

Xbat/eamHI digestion of pUHDIS^n^^ g^^HI to yield 
and l-igated f^ ' . ^^^aA gsne under the control of 
pTetVPie. pUC-TetVPl6. The rrAge jerminator 

me CaMV 35S P^^^'^.^ ^\^^SmM\\\ fragment and 
was excised from pTetVP 6 as an ^ puc- 
Hiserted into PUC18 cut with £«R!^dH^^^^ ^ ^, 

Topio: pUC-TopIO was derived ^^^^at chtor- 

,9^1). which c°Sl:nS^^^[«oTne -nder the control of a 
amphenicol acetyl a^nsfei^se (caq g ^ ^^^^ 

modrfied CaMV 35S P"''^^^^^^^ J ^ ^^^^^^^^^ positions -1 and 
of additional uni«^e "^J^t J^gon -53. the 

-53. The plasmid ««f f^^^tLorDNA^^rrierase. and 
protruding ends were "^^^^^^^ two 
'asyntheticSSbpoligonud^^^^^ 

operators and a ^^"^J^^Jf '^^^^^ into pQus (Kfister- 

oligonucleotide was ""f « J°"tl,te^^^^^^ The sequence of 
orator sequences (instead of "'"Y?™ '""2(b) pUC-Top10- 
Z promoter (P-Top10) y'XTjS^elgS^ ^^^'^ 
G^,nt:thecod.ngreg.^^^^^^^^^ pUO- 
the nopaline «y"*f ^, J^J^^J and H/ndlH and replaced by 
Top10 was ^^f^^'^.'fL^^ gus gene containing an intron 
the coding region o^^^T^f*"^".^^^^^ 35S polyadenylalion 
(Vancanneyt ef a/.. 1990) f^^'^J^J^i^ „1m of the syn- 
lignal. pTopIO: The ^"^'"X'^^^'^^H/ndlll fragment 
thetic T0PIO P'«™^%^.^^tS|L^ Smllll. pTetVPie- 
intopBlNl9(Bevan. ^^^^'^^^'^^^L ecoRI (fiU-in) site of 
TopIO: a Hfndlll linKer was '"^ ji^ Mrtiol of the 

;S>-Top10-<5as/.nt. "me ^u^nrn^^^^^^^^^^Zg^^^-^o 
svnthetic Topio promoter was doned asa \ 
pSpie H/rK^Ul. For ^^^^-r^JsTne^il^^^^^^ 
'^rxSpfeTT^^^^^^^^^^ 



568 Pame/aWe/nmannetal. 

c^miPstt (made blunt 

described (Gatz era/.. 1991 )■ 

described (Gatt eta'-. 1991) 
Northern blot ar\alysis 

a* (1987). Blotting and nybnatzau 
tiryera!KlGalz,1992). 

Assays for GusacflVrty 

^ ea« exDiants were homogenized 

•^fJ^LTm, staining. irt^P^^i^^^^^ 



Tobacco transforrt^ation 

Aflfoiwcforium tumetaciens lea. 
RosaW eta/. (1997). 



s^::.isrrrde^-^^^^^ 

t^'rougb ^ts. Pjnts ^^J^^^^ changed -enr 
in^land bj#er and l^mg r ^^^^^ p„„p. 
other day. OxyQone was supp. 
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